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นาโนชีทที่เจือด้วยคาร์บอนอะตอม, การกาจัดแก๊สพิษ
ในปัจจุบันการปลดปล่อยแก๊สพิษจากกระบวนการการเผาไหม้ของเชื้อเพลิง ทั้งในเครื่องยนต์และ
ในโรงงานอุตสาหกรรม จัดว่าเป็นปัญหาหลักของมลพิษทางสิ่งแวดล้อม ที่ต้องได้รับการแก้ไขโดย
เร่ งด่ว น ซึ่งในงานวิจั ย นี้ การคานวณด้ว ยระเบียบวิธีทฤษฎีเด็นซิตี้ฟังก์ชันแนล จะถูกนามาใช้ ใน
การศึกษาหาตัวเร่งปฏิกิริยาในระดับนาโนสาหรับปฏิกิริยาการกาจัดแก๊สพิษดังกล่าว ซึง่ สามารถแบ่งได้
เป็น 3 ส่วนหลัก ๆ ดังนี้ 1.) การกาจัดแก๊ส ไฮโดรเจนซัลไฟด์ (H2S) และแก๊สคาร์บอนมอนอกไซด์
(CO) โดยใช้ตัวเร่งปฏิกิริยาชนิดซีโอไลต์-12 ที่เจือด้วยโลหะทรานซิชัน (TM-ZSM-12) 2.) การกาจัด
แก๊สไนตริกออกไซด์ (NO) และ 3.) การกาจัดแก๊ส คาร์บอนมอนอกไซด์ (CO) โดยใช้ตัวเร่งปฏิกิริยา
ชนิดโบรอนไนไตรด์นาโนชีทที่เจือด้วยคาร์บอนอะตอม (CXBNs)
แก๊ส H2S คือแก๊สพิษที่มีความสามารถในการกัดกร่อนและมีความเป็นพิษต่อตัวเร่งปฏิกิริยา
หลากหลายชนิด แต่ในขณะเดียวกันแก๊ส H2S ก็ยังเป็นแหล่งผลิตแก๊สไฮโดรเจน (H2) ที่มีประสิทธิภาพ
สูง ซึ่งเป็นผลิตภัณฑ์ทางพลังงานที่มคี ่าและเป็นมิตรกับสิ่งแวดล้อม ดังนั้นในงานวิจัยแรก เราจึงสนใจที่
จะศึกษาเกี่ยวกับการเปลี่ยนแก๊สพิษ เช่น H2S และ CO ไปเป็นแก๊สคาร์โบนิลซัลไฟด์ (COS) และแก๊ส
H2 ซึ่งเป็นผลิตภัณฑ์ที่ต้องการ ตามสมการ H2S (g) + CO (g)  COS (g) + H2 (g) จากผลการศึกษา
พบว่า ซีโอไลต์-12 ที่เจือด้วยโลหะทองแดง (Cu-ZSM-12) คือตัวเร่งปฏิกิยาที่มีประสิทธิภาพสูงที่สุด
เมื่อเทียบกับซีโอไลต์-12 ที่เจือด้วยโลหะชนิดอื่น ๆ สาหรับกาจัดแก๊ส H2S โดยมีขึ้นกาหนดอัตราคือ
ขั้นตอนของการปลดปล่อยแก๊ส COS โดยใช้ค่าพลังงานกระตุ้น (Ea) เท่ากับ +1.18 eV สาหรับแก๊ส
NO และ CO มันคือแก๊สพิษที่พบเจอได้ง่ายในชีวิตประจาวัน โดยมีแหล่งกาเนิดมาจากกระบวนการ
การเผาไหม้ ที่ ไ ม่ ส มบู ร ณ์ ซึ่ ง สามารถก่ อ ให้ เ กิ ด มลพิ ษ และความเสี ย หายต่ อ ทั้ ง ชั้ น บรรยากาศ
สิ่งแวดล้อมและสิ่งมีชีวิตได้ ในงานวิจัยที่สอง คือการศึกษาเปรียบเทียบระหว่างคาร์บอนที่เจือบน
ตาแหน่งโบรอน (C1BBNs) และคาร์บอนที่เจือบนตาแหน่งไนโตรเจน (C1NBNs) ของโบรอนไนไตรด์
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นาโนชีท สาหรับการเป็นตัวเร่งปฏิกิริยาเพื่อกาจัดแก๊ส NO จากการศึกษาพบว่า C1NBNs คือตัวเร่ง
ปฏิกิริยาสาหรับการกาจัดแก๊ส NO ผ่านกลไก trans-(NO)2 ได้ดีที่สุด อีกทั้งยังต้องการค่าพลังงานการ
กระตุ้นที่ต่าที่สุด เท่ากับ +0.62 eV ซึ่งมันสามารถเปลี่ยนแก๊ส NO ที่มีความเป็นพิษ ไปเป็นแก๊สที่เป็น
มิตรต่อสิ่งแวดล้อมได้อย่างมีประสิทธิภาพ และในงานวิจัยที่สาม เป็นการศึกษาการกาจัดแก๊ส CO โดย
เปลี่ยนให้เป็นแก๊สคาร์บอนไดออกไซด์ (CO2) บนตัวเร่งปฏิกิริยาชนิดโบรอนไนไตรด์นาโนชีทที่เจือด้วย
คาร์บอนอะตอม (ตั้งแต่ 1 จนถึง 3 อะตอม) จากการศึกษาพบว่า โบรอนไนไตรด์นาโนชีทที่เจือด้วย
คาร์บอน 3 อะตอม บนตาแหน่งช่องว่างโบรอน (C3BBNs) คือตัวเร่งปฏิกิริยาที่มีประสิทธิภาพมากที่สุด
สาหรับการเปลี่ยนแก๊ส CO ไปเป็นแก๊ส CO2 โดยใช้ค่าพลังงานกระตุ้นที่ต่าที่สุด เมื่อเทียบกับตัวเร่ง
ปฏิกิริยาชนิดอื่น ๆ ซึ่งมีค่าเท่ากับ +0.28 eV อีกทั้งจากการศึกษาทางจลศาสตร์พบว่า C3BBNs ก็ยัง
เป็นตัวเร่งปฏิกิริยาที่สามารถเกิดปฏิกิริยาสาหรับการเปลี่ยนแก๊ส CO ไปเป็นแก๊ส CO2 ได้เร็วที่สุด
และจาก 3 ผลงานวิจัยทั้งหมดที่กล่าวมาข้างต้นนี้ ข้าพเจ้าคาดหวังว่าข้อมูลที่ได้นี้ อาจจะเป็นตัว
ช่วยที่ใช้ในการทดลองจริง สาหรับการผลิตตัวเร่งปฏิกิริยาในระดับนาโนที่มีประสิทธิภาพสูง ต่อการ
กาจัดแก๊สพิษในอนาคต
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Among the major environmental issues most urgently requiring attention today
are the emissions of toxic gases from the combustion of fuel from vehicles and other
industrial processes. For this research, density functional theory (DFT) calculations
were used to investigate catalytic nanomaterials for the removal of toxic gases. This
research consisted of three approaches: (i) Removal of H2S to produce hydrogen in the
presence of CO on transition metal-doped ZSM-12 (TM-ZSM-12) catalysts, (ii) the
NO removal and (iii) the CO removal by carbon-doped boron nitride (CXBNs)
catalysts.
Hydrogen sulfide (H2S) leads to the corrosion and corruption of many catalysts.
However, H2S is an inexhaustible potential source of the valuable chemical reagent
hydrogen, which is also a very environmentally friendly energy product. In this first
approach, we intensively focused on removal of H2S and producing hydrogen gas (H2)
using catalysts, following equation: H2S (g) + CO (g) → COS (g) + H2 (g). Result
calculations show that among other TM-ZSM-12 clusters, the Cu-ZSM-12 cluster has
a potential application as a highly active catalyst for H2S removal together with
hydrogen production. We found that COS desorption is the rate-determining step of
this H2S removal process with a desorption energy of +1.18 eV. Moreover, incomplete
combustion products such as nitrogen oxide (NO) and carbon monoxide (CO) are
gases toxic to the environment and human health, due to their many devastating effects
on the atmosphere and human health. In the second study, an NO reduction
mechanism using carbon-doped boron nitride nanosheets (CXBNs) as a metal-free
catalyst was applied. The results showed that the trans-(NO)2 structure of CNBNs is a

V
potentially crucial intermediate and thermodynamically and kinetically favorable. The
most energetically favorable pathway was +0.62 eV determined by calculating
determined rates. Results suggest that CNBNs can be highly active metal-free materials
for NO removal, which will transform NO into environmentally friendly gases.
Additionally, in the third study, conversion of CO to carbon dioxide (CO2) using
carbon-doped boron nitride nanosheets (CXBNs where X = 1–3) as a metal-free
catalyst were studied. The C3BBNs shows the highest efficiency for CO oxidation
reaction with the lowest energy barrier at the determining a rate step of +0.28 eV.
Additionally, the kinetic predictions on the reaction rate constant suggest that C3BBNs
is the most effective for catalyzing CO into CO2 molecules with the fastest rate
compared to other CXBNs surfaces.
Our intended outcome is that these results might enable to the aid future
experiments to improve methods for creating the novel promising catalytic
nanomaterials for toxic gas removal with desirable high efficiency in the near future.
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CHAPTER 1
INTRODUCTION
1.1 Toxic gases
Toxic gases or noxious gases or poisonous gases are gases that are harmful to
living things. The effects of toxic gases can be caused by skin contact, ingestion or
inhalation (most common), which will directly damage to skin injure, digestive
system, nervous system, and respirator system, in particular. The largest source of
toxic gases is come from the combustion of fuel in vehicle and industrial processes,
which is considered to be one of the primary environmental challenges/issues facing
the world today and one that needs urgent attention.
Among a hundred of existing toxic gases, hydrogen sulfide (H2S), nitric oxide
(NO), and carbon monoxide (CO) are the most common harmful toxic gases that we
can confront in our daily life. Not only the living units, but these toxic gases can also
cause many devastating effects on the environment problems such as acid rain,
photochemical smog and ozone depletion. With the direct impact of these problems on
the environment and humans, as well as to meet the criteria of all the stringent
emission regulations made by leading countries around the world, engineers,
researchers, and environmental scientists have been challenged to develop more
efficient technologies/methods for toxic gas removal.
Therefore, in this research, it becomes an interesting/exciting challenge to explore
a new method for urgent toxic gas reduction/removal into the less toxic or non-toxic
products.

1.2 Hydrogen sulfide (H2S)
Hydrogen sulfide is one of the most basic sulfur-containing compounds, which is
consisting of one sulfur atom and two hydrogen atoms as present in the chemical
formula of H2S. Naturally, it is a gas at the room temperature with a colorless property
and it also has a characteristic foul odor of rotten eggs. H2S is very poisonous,
corrosive, and flammable. [1] For the physical property, H2S is slightly denser than
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air; a mixture of H2S and air can be explosive. For the chemical properties, H2S burns
in oxygen gas (O2) with a blue flame to form sulfur dioxide (SO2) and water (H2O).
In general, hydrogen sulfide acts as a reducing agent, especially in the presence of
base, which is anion forms (SH-). At high temperatures or in the presence of catalysts,
SO2 can react with H2S to form elemental sulfur (S) and H2O. This reaction is
exploited in the Claus process, an important industrial method to dispose of H2S.
1.2.1 Source of hydrogen sulfide
Hydrogen sulfide is often produced from the microbial breakdown of
organic matter in the absence of O2, such as in swamps and sewers; this process is
commonly known as anaerobic digestion which is done by sulfate-reducing
microorganisms. H2S also occurs in volcanic gases, natural gas, and in some sources
of well water. The human body can also produce the small amounts of H2S and uses it
as a signaling molecule. [2] But, generally, the most abundance H2S source is come
from the combustion of fossil fuels. As we known at the present, fossil fuels are the
most valuable resources that occur from natural processes such as petroleum, coal, and
natural gas. This long-time utilization of fossil fuels generates many seriously harmful
products to the environment, not only H2S gas but also variable of sulfur-containing
compounds.
1.2.2 Toxicity of hydrogen sulfide
Hydrogen sulfide is both an irritant and a chemical asphyxiant with effects
on both oxygen utilization and the central nervous system. Its health effects can vary
depending on the level and duration of exposure. Repeated exposure can result in
health effects occurring at levels that were previously tolerated without any effect.
There are two mainly toxicity levels of H2S poisonous depending on the concentration
levels. (i) Low concentrations irritate the eyes, nose, throat and respiratory system
(e.g., burning/tearing of eyes, cough, shortness of breath). Asthmatics may experience
breathing difficulties. The effects can be delayed for several hours, or sometimes
several days, when working in low-level concentrations. Repeated or prolonged
exposures may cause eye inflammation, headache, irritability, insomnia, digestive
disturbances and weight loss. (ii) Moderate concentrations can cause more severe eye
and respiratory irritation (including coughing, difficulty breathing, and accumulation
of fluid in the lungs), headache, dizziness, nausea, vomiting, staggering and
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excitability. (iii) High concentrations can cause shock, convulsions, inability to
breathe, extremely rapid unconsciousness, coma and death. Effects can occur within a
few breaths, and possibly a single breath.
1.2.3 H2S desulfurization reaction
Recently, H2S desulfurization by noble transition metal catalytic materials
has been reported by many experimental [3-5] and theoretical studies [6-14] as most
effective, offering both high efficiency and selectivity. These catalytic reactions will
not only reduce H2S molecule into a product of sulfur atom (Sad) but also generate the
useful product of hydrogen gas (H2) as following equation. This might give grounds to
consider hydrogen sulﬁde as inexhaustible potential source of hydrogen; a very
valuable chemical reagent and environmentally friendly energy product.
H2S (g) → Sad + H2 (g)

(1.1)

As we mentioned earlier, the noble transition metal catalysts have showed
the successfully desulfurized ability, but generally, the metal catalysts after this
desulfurized process will mostly damage and cannot reusable, because of the very
strong chemical bonding between sulfur and metal atoms. [13-15] To figure out this
impacted problem, many attempts tried to remove sulfur atom by reacting it into
another molecule or compound, i.e., carbonyl sulfide (COS). COS is one of the
interesting desulfurized products because it has less reactivity, and easy transformation
ability into value-added sulfur-compounds, e.g., CS2, SOx, and CH3SH. For the H2S
removal in the presence of CO reaction, the mechanism is come from the combination
of carbon monoxide (CO) and sulfur atom (Sad) as following;
H2S (g) + CO (g) → COS (g) + H2 (g)

(1.2)

Although, noble transition metal catalysts provide high efficiency and
selectivity for H2S desulfurization, the high cost and limited supply of these metals
limit their extensive application, and this factor needs to be considered as well.
To address all of these problems, catalytic materials, such as metal oxides and metalmodified metal-oxide surfaces [16-24] have been investigated for reusability purposes,
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cost reduction purposes, and also for their potential industrial-scale of H2S removal in
the petrochemical industry.

1.3 Nitric oxide (NO)
Nitric oxide (nitrogen oxide, nitrogen monoxide) is a molecular, chemical
compound with chemical formula of NO. One of several oxides of nitrogen, it is a
colorless gas under standard conditions. Nitric oxide is a free radical, i.e., its bonding
structure includes an unpaired electron, [25] it is in the class of heteronuclear diatomic
molecules that are of historic theoretical interest. It is a particularly important
intermediate in the chemical industry.
1.3.1 Source of nitric oxide
The main sources of nitrogen oxides emissions (including NO) are
combustion processes. Fossil fuel power stations, motor vehicles and domestic
combustion appliances emit nitrogen oxides, mostly in the form of NO. The chemical
is used occupationally in the bleaching of rayon and in the manufacture of nitric acid
(HNO3). NO can be present at significant concentrations in ambient and indoor air.
It is used medically by inhalation to produce selective pulmonary vasodilation and to
improve oxygenation in patients with various forms of pulmonary hypertension.
1.3.2 Toxicity of nitric oxide
Nitric oxide is a gas; therefore, absorption can only occur through the eyes
and lungs. However, it will have contact effects with the skin. In the presence of
moisture and oxygen, corrosive conditions will develop as a result of the formation of
HNO3 and nitrous acids (HNO2). The major proportion of inhaled NO reaches the
deeper parts of the lung and reacts with hemoglobin in erythrocytes to form nitrosylhemoglobin which is converted immediately to nitrite (NO2-) and nitrate (NO3-). [26]
The NO2- and NO3- are then transferred to the serum, and the greater part of the NO3is excreted into the urine through the kidneys. Most of the inhaled NO is eventually
eliminated from the body as NO3-.
1.3.3 NO reduction reaction
Presently, noble transition metal catalytic materials, such as Pt, Ag, Ru, Rh,
Pd, and Au are some of the most effective and commonly used elements/substances
for NO reduction due to their high efficiency and low activation energy (Ea). [27-43]
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For example, Wang et al. [43] have reported that N2O can be easily achieved over an
Au(111) surface during NO reduction through using a dimer mechanism with a low Ea
value of +0.35 eV. Lui et al. [42] reported that N2O is the major reduction product of
the inverted NO dimer when using bulk Ag as a metal-based catalyst with a low Ea of
+0.27 eV. However, considering the high cost, toxicity (from heavy metals), and
limited supply, these metals have certain limitations to their application. From the NO
reduction reaction via dimer mechanism, nitrous oxide molecule (N2O) and adsorbed
oxygen atom (Oad) are the mainly products of this reaction as following;
2NO (g) → N2O (g) + Oad (g)

(1.3)

To overcome these restraints, the transition metal-doped nanomaterial
catalysts, such as transition metal-doped phthalocyanines (MPcs), [44] transition
metal-doped graphene [45, 46] and metal-doped graphene-like structure [47-49] were
developed for NO reduction due to their abundance, durability and low cost. However,
metal-doped nanomaterial was still reported to be poisonous and toxic to the
environment as it caused new pollution and contamination. As a result, metal-free
catalysts were used for NO reduction. For instance, Feng et al. [50] reported that by
using a silicon-carbon nanosheet (SiC) as a metal-free catalyst, NO can be converted
to N2O via dimer mechanism with an Ea of +0.72 eV. Chen et al. [51] showed that the
catalytic reduction of NO on a metal-free catalyst, such as a silicon-doped graphene
(Si-Graphene) is favorable through a dimer mechanism with an Ea of +0.46 eV.
Likewise, Xu et al. [52] reported that the removal of NO is feasible by using silicene
as a catalyst and that the NO reduction mechanism provides more favorable results via
dimer mechanism with an Ea of +0.45 eV than direct NO dissociation. These findings
showed that metal-free catalysts can be used instead of metal-based and metal-doped
catalysts for NO reduction with high efficiency and a low Ea via dimer mechanism
pathway.

1.4 Carbon monoxide (CO)
Carbon monoxide (CO) is a colorless, odorless, and tasteless gas that is slightly
less dense than air. It is toxic to hemoglobin animals (both invertebrate and vertebrate,
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including humans) when encountered in concentrations above about 35 ppm, although
it is also produced in normal animal metabolism in low quantities, and is thought to
have some normal biological functions. In the atmosphere, it is spatially variable and
short lived, having a role in the formation of ground-level ozone. CO consists of one
carbon atom (C) and one oxygen atom (O), connected by a triple bond that consists of
two covalent bonds as well as one dative covalent bond. It is the simplest oxocarbon
and is isoelectronic with the cyanide anion, the nitrosonium cation and molecular
nitrogen. In coordination complexes the carbon monoxide ligand is called carbonyl.
1.4.1 Source of carbon monoxide
Carbon monoxide is produced from the partial oxidation of carboncontaining compounds; it forms when there is not enough oxygen to produce carbon
dioxide (CO2), such as when operating a stove or an internal combustion engine in an
enclosed space. In the presence of oxygen gas (O2), including atmospheric
concentrations, CO burns with a blue flame, producing CO2. [53] Coal gas, which was
widely used before the 1960s for domestic lighting, cooking, and heating, had carbon
monoxide as a significant fuel constituent. Some processes in modern technology,
such as iron smelting, still produce CO as a byproduct. Naturally, the largest source of
CO is natural in origin, due to photochemical reactions in the troposphere that generate
about 5 × 1012 kilograms per year. [54] Other natural sources of CO include volcanoes,
forest fires, and other forms of combustion.
1.4.2 Toxicity of carbon monoxide
Carbon monoxide poisoning is the most common type of fatal air poisoning
in many countries. [55] CO is colorless, odorless, and tasteless, but highly toxic.
It combines with hemoglobin to produce carboxyhemoglobin, which usurps the space
in hemoglobin that normally carries oxygen, but is ineffective for delivering oxygen to
bodily tissues. The most common symptoms of CO poisoning may resemble other
types of poisonings and infections, including symptoms such as headache, nausea,
vomiting, dizziness, fatigue, and a feeling of weakness. Affected families often believe
they are victims of food poisoning. Infants may be irritable and feed poorly.
Neurological signs include confusion, disorientation, visual disturbance, syncope
(fainting), and seizures. [56] CO also binds to other molecules such as myoglobin and
mitochondrial cytochrome oxidase. Exposures to CO may cause significant damage to
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the heart and central nervous system, especially to the globus pallidus, [56] often with
long-term chronic pathological conditions. CO may have severe adverse effects on the
fetus of a pregnant woman.
1.4.3 CO oxidation reaction
Nowadays, noble transition metal catalytic materials are the most effective
and commonly used elements/substances for CO oxidation due to their high efficiency
and low activation energy (Ea). [57-63] Generally, CO oxidation is known to proceed
according to the Langmuir-Hinshelwood (LH) mechanism and the Eley-Rideal (ER)
mechanism. The LH mechanism involves the adsorption of both CO and O2 on the
available active sites followed by a surface reaction, while the ER mechanism entails
the direct reaction of an approaching CO molecule with an adsorbed O2 molecule. [64]
The overall CO oxidation reaction is showing in the equation 1.4. The key importance
thing for CO oxidation between LH and ER mechanisms are the existing intermediate
during the first CO oxidation process. In the LH mechanism, the observed
intermediate is OCOO* structure, while carbonate-liked (CO3*) structure is observed
when the CO oxidation reaction occurred via ER pathway. This distinguished between
two reaction mechanism causes the difference in the energy barrier.
2CO (g) + O2 (g) → 2CO2 (g)

(1.4)

1.5 Computational chemistry
Computational chemistry is a branch of chemistry that uses computer simulation
to assist in solving chemical problems. It uses methods of theoretical chemistry,
incorporated into efficient computer programs, to calculate the structures and
properties of molecules and solids. For example, the computational chemistry can
explain the expected positions of the constituent atoms, absolute and relative
(interaction) energies, electronic charge density distributions, dipoles and higher
multipole moments, vibrational frequencies, reactivity, as well as spectroscopic
quantities.
Nowadays, the computational chemistry has been so far instrumental in the
understanding of mechanistic complexity because of its ability to obtain information
on intermediates that, for kinetic reasons, are difficult to characterize through
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experiments. It must be admitted that in most cases the calculations have come after
the experiment, confirming what was already known and with the added value of
explaining why. This can indeed help the improvement of processes, because
understanding the origin is an excellent starting point for the design of new
experimental that may overcome the limitations of the available ones.
Hence, the study/investigation of novel catalytic nanomaterials for toxic gas
reduction/removal using the computational chemistry becomes an exciting challenge
to me in this research.
1.5.1 Density functional theory
Density functional theory (DFT) is a computational quantum mechanical
modelling method used in physics, chemistry and materials science to investigate the
electronic structure (principally the ground state) of many-body systems, in particular
atoms, molecules, and the condensed phases. Using this theory, the properties of a
many-electron system can be determined by using functionals, i.e., functions of
another function, which in this case is the spatially dependent electron density. Hence,
the name density functional theory comes from the use of functionals of the electron
density. DFT is among the most popular and versatile methods available in condensedmatter physics, computational physics, and computational chemistry.
DFT has been very popular for calculations in solid-state physics since the
1970s. However, DFT was not considered accurate enough for calculations in
quantum chemistry until the 1990s, when the approximations used in the theory were
greatly refined to better model the exchange and correlation interactions.
Computational costs are relatively low when compared to traditional methods, such as
exchange only Hartree-Fock theory and its descendants that include electron
correlation.
Despite recent improvements, there are still difficulties in using density
functional theory to properly describe intermolecular interactions (of critical
importance to understanding chemical reactions), especially van der Waals forces
(dispersion), charge transfer excitations, transition states, global potential energy
surfaces, dopant interactions and some other strongly correlated systems, and in
calculations of the band gap and ferromagnetism in semiconductors. [65] Its
incomplete treatment of dispersion can adversely affect the accuracy of DFT (at least
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when used alone and uncorrected) in the treatment of systems which are dominated by
dispersion, e.g., interacting noble gas atoms [66] or where dispersion competes
significantly with other effects, e.g., in biomolecules. [67] The development of new
DFT methods designed to overcome this problem, by alterations to the functional [68]
or by the inclusion of additive terms, [69-71] is a current research topic.
In physics and quantum chemistry, specifically density functional theory,
the Kohn-Sham equation is the Schrödinger equation of a fictitious system “KohnSham system” of non-interacting particles (typically electrons) that generate the same
density as any given system of interacting particles. [72] The Kohn-Sham equation is
defined by a local effective (fictitious) external potential in which the non-interacting
particles move, typically denoted as vs(r) or veff(r), called the Kohn-Sham potential.
As the particles in the Kohn-Sham system are non-interacting fermions, the KohnSham wavefunction is a single Slater determinant constructed from a set of orbitals
that are the lowest energy solutions as following;
2


 2  veff (r )  i (r )   ii (r )

 2m


(1.5)

This eigenvalue equation is the typical representation of the Kohn-Sham
equations. Here, εi is the orbital energy of the corresponding Kohn-Sham orbital, ϕi,
and the density for an N-particle system is following;

N

 (r )   i (r )

2

(1.6)

i

In Kohn-Sham density functional theory, the total energy of a system is
expressed as a functional of the charge density as following;

E[  ]  Ts [  ]   drvext (r )  (r )  EH [  ]  Exc [  ]

(1.7)

Where Ts is the Kohn-Sham kinetic energy which is expressed in terms of
the Kohn-Sham orbitals as following;
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vext is the external potential acting on the interacting system (at minimum,
for a molecular system, the electron-nuclei interaction), EH is the Hartree (or
Coulomb) energy,

EH 

e2
 (r )  (r )
dr  dr 

2
r  r

(1.9)

Exc is the exchange-correlation energy. The Kohn-Sham equations are
found by varying the total energy expression with respect to a set of orbitals, subject to
constraints on those orbitals, to yield the Kohn-Sham potential as following;

veff (r )  vext (r )  e2 

 E [ ]
 (r )
dr   xc
r  r
 (r )

(1.10)

Where the last term is the exchange-correlation potential. This term, and
the corresponding energy expression, is the only unknowns in the Kohn-Sham
approach to density functional theory as following;

vxc (r ) 

 Exc [  ]
 (r )

(1.11)

1.5.2 Functionals
1.5.2.1 The local density approximation
Local-density approximations (LDA) are a class of approximations
to the exchange-correlation (XC) energy functional in density functional theory (DFT)
that depend solely upon the value of the electronic density at each point in space (and
not, for example, derivatives of the density or the Kohn-Sham orbitals). Many
approaches can yield local approximations to the XC energy. However,
overwhelmingly successful local approximations are those that have been derived
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from the homogeneous electron gas (HEG) model. In this regard, LDA is generally
synonymous with functionals based on the HEG approximation, which are then
applied to realistic systems (molecules and solids). In general, for a spin-unpolarized
system, a local-density approximation for the exchange-correlation energy is written
as following;

ExcLDA [n]    xc (n)n(r )d 3r

(1.12)

Where n is the electronic density and εxc is the exchange-correlation
energy per particle of a homogeneous electron gas of charge density n. The exchangecorrelation energy is decomposed into exchange and correlation terms linearly as
following;

Exc  Ex  Ec

(1.13)

Therefore, that separate expressions for Ex and Ec are sought.
The exchange term takes on a simple analytic form for the HEG. Only limiting
expressions for the correlation density are known exactly, leading to numerous
different approximations for εc.
Local-density approximations are important in the construction of
more sophisticated approximations to the exchange-correlation energy, such as
generalized gradient approximations or hybrid functionals, as a desirable property of
any approximate exchange-correlation functional is that it reproduces the exact results
of the HEG for non-varying densities. As such, LDA’s are often an explicit component
of such functionals.
1.5.2.2 Generalized gradient approximation
To correct for this tendency, it is common to expand in terms of the
gradient of the density in order to account for the non-homogeneity of the true electron
density. This allows for corrections based on the changes in density away from the
coordinate. These expansions are referred to as generalized gradient approximations
(GGA) [73-75] and have the following form;
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ExcGGA [n , n ]    xc (n , n , n , n )n(r )d 3r

(1.14)

Using the latter (GGA), very good results for molecular geometries
and ground-state energies have been achieved. One of the most commonly used
versions is PBE functional.
1.5.2.3 Hybrid exchange and correlation functional
Hybrid functionals are a class of approximations to the exchangecorrelation energy functional in density functional theory (DFT) that incorporate a
portion of exact exchange from Hartree-Fock theory with exchange and correlation
from other sources (ab initio or empirical). [76] The exact exchange energy functional
is expressed in terms of the Kohn-Sham orbitals rather than the density, so is termed
an implicit density functional. One of the most commonly used versions is B3LYP,
which stands for Becke, 3-parameter, Lee-Yang-Parr.
1.5.3 Basis sets
A basis set in theoretical and computational chemistry is a set of functions
(called basis functions) that is used to represent the electronic wave function in the
Hartree-Fock method or density functional theory in order to turn the partial
differential equations of the model into algebraic equations suitable for efficient
implementation on a computer.
The use of basis sets is equivalent to the use of an approximate resolution
of the identity. The single-particle states (molecular orbitals) are then expressed as
linear combinations of the basis functions.
The basis set can either be composed of atomic orbitals (yielding the linear
combination of atomic orbitals approach), which is the usual choice within the
quantum chemistry community, or plane waves which are typically used within the
solid state community. Several types of atomic orbitals can be used: Gaussian-type
orbitals, Slater-type orbitals, or numerical atomic orbitals. Out of the three, Gaussiantype orbitals are by far the most often used, as they allow efficient implementations of
Post-Hartree-Fock methods.
1.5.3.1 Minimal basis sets
Minimal basis sets contain the minimum number of basis functions
needs for each atom, as these examples:
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H: 1s
C: 1s, 2s, 2px, 2py, 2pz
Minimal basis sets use fixed-size atomic-type orbitals. The
STO-3G basis set is a minimal basis set. It uses three Gaussian primitives per basis
function, which accounts for the “3G” in its name. “STO” stands for “Slater-type
orbitals”, and the STO-3G basis set approximates Slater orbitals with Gaussian
functions.
1.5.3.2 Split valence basis sets
The first way that a basis can be made larger is to increase the
number of basis functions per atom. Split valence basis sets, such as 3-21G, have two
sizes of basis function for each valence orbital. For example, hydrogen and carbon are
represented as:
H: 1s, 1s'
C: 1s, 2s, 2s', 2px, 2py, 2pz, 2px', 2py', 2pz'
Where the primed and unprimed orbitals differ in size. The triplezeta valence (TZV) basis sets use three sizes of contracted functions for each orbitaltype.
1.5.3.3 Polarized basis sets
Split valence basis sets allow orbitals to change size, but not to
change shape. Polarized basis sets remove this limitation by adding orbitals with
angular momentum beyond what is required for the ground state to the description of
each atom. For example, Polarized basis sets add d functions to carbon atoms and f
functions to transition metals, and some of them add p functions to hydrogen atoms.
So far, the only polarized basis sets we have used is TZVP. Its name indicates that it is
the TZV basis sets with polarized functions added to heavy atoms. This basis sets is
becoming very common for calculations involving up to medium-sized systems.
1.5.3.4 Diffuse functions
Diffuse functions are large-size versions of s- and p-type functions.
They allow orbitals to occupy a larger region of space. Basis sets with diffuse
functions are important for systems where electrons are relatively far from the nucleus:
molecules with lone pairs, anions, and other systems with significant negative charge,
systems in their excited state, systems with low ionization potentials, descriptions of
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absolute acidities, and so on. The aug-TZVP basis set is the TZVP basis set with
diffuse functions added to heavy atoms.
1.5.3.5 Effective core potentials
Effective core potentials (ECPs) are a useful means of replacing the
core electrons in a calculation with an effective potential, thereby eliminating the need
for the core basis functions, which usually require a large set of Gaussians to describe
them. In addition to replacing the core, they may be used to represent relativistic
effects, which are largely confined to the core. In this context, both the scalar (spinfree) relativistic effects and spin-orbit (spin-dependent) relativistic effects may be
included in effective potentials.

1.6 Aims and scope of thesis
1.6.1 To explore and investigate all possible mechanisms of H2S removal in the
presence of CO over the transition metal-doped ZSM-12 zeolite (TM-ZSM-12)
clusters in term of the most preferable reaction pathway with kinetically and
thermodynamically favorables.
1.6.2 To explore and investigate all possible mechanisms of the NO reduction
mechanism on carbon-doped boron nitride nanosheet (CBNs) as a metal-free
nanomaterial catalyst in term of the most preferable reaction pathway with kinetically
and thermodynamically favorables.
1.6.3 To explore and investigate all possible mechanisms of the CO oxidation
mechanism on carbon-doped boron nitride nanosheets (CxBNs, where x = 1-3) as a
metal-free nanomaterial catalyst in term of the most preferable reaction pathway with
kinetically and thermodynamically favorables.

CHAPTER 2
LITERATURE REVIEWS
In this chapter, the related researches are discussed to understand a background
and history of research about the toxic gas removal reaction mechanisms. Based on the
catalytic reactions of the toxic gas removal which are considered in this study, e.g.,
H2S, NO, and CO, it can separate into three main parts:
2.1 H2S desulfurization reaction
2.2 NO reduction reaction
2.3 CO oxidation reaction

2.1 H2S desulfurization reaction
In 2016, Ling et al. [77] investigated the density functional theory (DFT)
calculation at GGA-PW91/DNP level to study the effects of CO and CO2 on the
desulfurization of H2S reaction mechanism over a ZnO adsorbent. The result shows
that COS is inevitably formed on the ZnO surface, which tends to be adsorbed on the
surface via a S–C bond binding with either a long or short Zn–O bond. Figure 2.1
shows the potential energy profiles for the COS formation via reaction of H2S and CO
on the ZnO surface. In the presence of CO, the dissociated active S of H2S reacting
with CO leads to the formation of COS, and the activation energy of the ratedetermining step is +0.91 eV. When CO2 is present, the linear CO2 is first transferred
to active CO2 in a triplet state, and then combines with active S to COS with a highest
energy barrier of +1.48 eV. Rate constants at different temperatures show that the
formation of COS via the reaction of CO and H2S is easier than that of CO2 and H2S
over the ZnO surface. This investigation suggests that the H2S removal by CO is more
effective than CO2 in either of removal or desorption processes. Which also mean that,
this reaction prefer to produce H2 molecule more than H2O molecule as a by-product
of H2S removal by CO reaction. It might give grounds to consider hydrogen sulﬁde as
inexhaustible potential source of hydrogen.
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Figure 2.1 The potential energy profiles for the COS formation via reaction of
H2S and CO on the ZnO surface
In 2012, Sung et al. [78] studied on the potential utilization of transition metalexchanged Y zeolites as a selective adsorbent for hydrogen sulfide (H2S) from Claus
process tail gas by using the theoretical study of the density functional theory (DFT) at
B3LYP/6-31G(d,p) level. The adsorption energy (Ead) of H2S and other Claus tail gas
components (CO, H2O, N2, and CO2) on CuY and AgY zeolites were computed as
well as for the alkali metal-exchanged Y zeolites such as LiY, NaY, and KY zeolites.
The comparison results indicate that AgY is the highest potential for selective
adsorption of CO and H2S molecules with the almost the same Ead values of -0.78 and
-0.72 eV, respectively. Whereas, CuY is only subject to CO adsorption, while alkali
metal-exchanged Y zeolites are subject to H2O adsorption. Figure 2.2 shows the
adsorption strength of the Claus tail gas adsorbed on the CuY and AgY zeolites. This
studied suggests that transition metal-exchanged zeolites are more effective for H2S
and CO adsorption than alkali metal-exchanged zeolites.
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Figure 2.2 (a) The geometry optimization of Y zeolite, and (b) the adsorption
diagram for the Claus tail gas on the Cu-Y and Ag-Y zeolites
In 2013, the same researcher’s group [79] studied on the potential use of
multivalent-cation-exchanged Y zeolites as selective adsorbents for hydrogen sulfide
(H2S) from Claus process tail gas. The Cu(II)Y, Ni(II)Y, and Zn(II)Y were chosen as
representative candidates. The adsorption energies of H2S and other Claus tail gas
components (CO, H2O, N2, and CO2) were estimated based on a zeolite cluster models
with the density functional theory (DFT) at B3LYP/6-31G(d,p) level. The results
showed that when applying a metal charge from neutral (0) to cation (+2), the
adsorption strength for H2S is decreased (comparing to ref#80). In contrast, H2O
adsorption is increase with the most strongly adsorption on the various transition
metal-doped Y zeolites as shown in Figure 2.3. Additionally, the adsorption sequence
of Claus tail gases have been found following H2O > H2S > CO > CO2 > N2 gases.
Moreover, they also found that the Ni(II)Y is the most energetically transition metaldoped Y zeolite for Claus tail gases adsorption following by Zn(II)Y, and Cu(II)Y
zeolite clusters, respectively. This studied suggests that the cation with +2 oxidation
number of transition metal-exchanged Y zeolites is unfavorable for H2S adsorption.
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Figure 2.3 The adsorption diagram for the Claus tail gas on the Cu(II)Y, Ni(II)Y,
and Zn(II)Y zeolites

In 2016, Fellah et al. [80] investigated on the molecular adsorption of H2S on the
transition metals-doped ZSM-12 zeolite cluster (Fe, Co, Ni, Cu and Zn). The DFT
calculation was employed in B3LYP functional with 6-31G(d,p) basis set. Figure 2.4
displays the geometry optimization of Cu-ZSM-12 cluster and H2S adsorption on
Cu-ZSM-12 system. The calculation results showed that Cu-ZSM-12 cluster has the
lowest chemical potential with minimum adsorption energy of -0.57 eV, highest
electronegativity, and lowest energy gap between HOMO and LUMO with respect to
other transition metals (Fe, Co, Ni, and Zn). Accordingly, based on these calculated
data, Cu-ZSM-12 is a promising candidate catalyst as for H2S removal via activation
of S–H bond than other TM-ZSM-12 zeolites.

Figure 2.4 The geometry optimization of (a) Cu-ZSM-12 cluster, and (b) H2S
adsorption on Cu-ZSM-12 system
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2.2 NO reduction reaction
In 2014, Zhang et al. [81] studied the mechanisms for the catalytic reduction of
NO on the metal-free nitrogen doped graphene (NG) support are investigated using the
density function theory (DFT) calculations with GGA-PBE functional. The results
indicate that the dimer mechanism is more facile than the direct decomposition
mechanism. In the dimer mechanism, a three-step reaction is identified: (i) the
coupling of two NO molecules into a (NO)2 dimer, followed by (ii) the dissociation of
the (NO)2 dimer into N2O + Oad, then (iii) the O adatom is taken away easily by the
subsequent NO. The calculated result showed that the rate-determining step of NO
reduction is the dissociation step with energy barrier of +0.70 eV. Additionally, they
found that the NO reduction via dimer mechanism is the most effective comparing to
direct decomposition mechanism. Figure 2.5 displays the reaction processes for the
NO reduction on NG.

Figure 2.5 The schematic reaction processes for the NO reduction on NG

In 2016, Meeprasert et al. [44] investigated the reaction mechanism of NO
reduction over the Cr-phthalocyanine monolayer (CrPc) by using DFT calculations at
GGA-PBE/DNP level. They found that there are three competitive mechanistic
pathways consisting of two Langmuir-Hinshelwood (LH1 and LH2) mechanisms and
one Eley- Rideal (ER) mechanism. N2O is produced from LH1 and ER with the
activation barriers (Ea) of +0.35 and +1.17 eV, respectively, while N2 is a product
from LH2 with the Ea of +0.57 eV as shown in Figure 2.6. All the three pathways are
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highly exothermic process. Based on the energetic aspect, LH1 is the kinetically and
exothermically most favorable pathway with the rate-determining step of +0.35 eV.
Therefore, they predict that NO can be easily reduced by CrPc at mild condition.
In environmental implication, CrPc would be a promising catalyst for abatement of
NO at low temperature. This investigation suggests that the NO reduction reaction
mechanism is more favorable on dimer mechanism via LH pathway than ER pathway.

Figure 2.6 The LH potential energy diagram of NO reduction to N2O formation
(LH1, purple line) and N2 formation (LH2, red line)
In 2015, Feng et al. [50] studied the NO reduction reaction over the siliconcarbon nanosheets (SiC) by using DFT calculations at GGA-PBE/DNP level, The
results showed that a dimer mechanism is shown to be more favorable than the direct
dissociation one for NO reduction on this metal-free catalyst and three-step
mechanism is involved in this process: (1) the formation of a (NO)2 dimer on layered
SiC sheet, followed by (2) its dissociation into N2O + Oad, and (3) the recovery of
catalyst by subsequent NO. Among a few pathway comparison, the trans-(NO)2 dimer
pathway is a necessary intermediate, in which the calculated barrier for the ratedetermining step along the energetically most favorable reaction mechanism pathway
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is +0.72 eV. Figure 2.7 show the most energetically potential energy diagram of trans(NO)2 dimer reduction to N2O molecule. This studied also suggests that the NO
reduction reaction mechanism is most favorable on dimer mechanism with a transisomer of NO dimer molecule.

Figure 2.7 The calculated potential energy diagram of reduction mechanism of
trans-(NO)2 dimer to N2O molecule
In 2015, Xu et al. [52] investigated the probability of NO reduction on silicene by
using the DFT-D calculations at GGA-PBE/DNP level. Two mainly mechanisms for
NO reduction on silicene are provided: a direct dissociation mechanism and a dimer
mechanism. The calculated potential energy surfaces show that the total energy barrier
in the favored direct dissociation pathway is +0.47 eV. On the other hand, the dimer
mechanism is identified to undergo a (NO)2 dimer formation on silicene, which then
decomposes into N2O + Oad, this dimer formation on silicene is found to be feasible
both in thermodynamics and kinetics. For the comparison on a few different pathway,
they found that the (NO)2 dimer dissociation on silicene require a very small of energy
barrier (Eb) around +0.23 eV. Figure 2.8 show the potential energy surfaces of various
decomposition of (NO)2 dimer pathway on silicene substrate. This investigation also
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suggests that the NO reduction reaction mechanism is most favorable on dimer
mechanism with exactly the same results as ref#83, ref#45, and ref#51.

Figure 2.8 The potential energy surfaces of various decomposition of (NO)2
dimer pathway on silicene substrate

2.3 CO oxidation reaction
In 2014, Lin et al. [82] investigated Si-doped hexagonal boron nitride nanosheets
(Si-BNNS) and nanotubes (Si-BNNT) by using DFT at GGA-PW91 functional. They
found that the strong interaction between the silicon atom and the hexagonal boron
nitride nanosheet or nanotube with a boron vacancy indicates that such
nanocomposites should be very stable. The significant charge transfer from the SiBNNS substrate to the O2 molecule have been found, which could occupy the
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antibonding 2p*-orbitals of O2, results in the activation of the adsorbed O2. The
catalytic activity of the Si-BNNS for CO oxidation is explored and the calculated
barrier (+0.29 eV) of the reaction CO + O2 → CO2 + Oad is much lower than those on
the traditional noble metals. This opens a new way to fabricate low cost and high
activity boron nitride-based metal-free catalysts. Figure 2.9 shows the catalytic
reaction mechanism of CO oxidation over Si-BNNs.

Figure 2.9 The catalytic reaction mechanism of CO oxidation over Si-BNNs

In 2014, Liu et al. [49] studied the Cu atoms embedded in hexagonal boron nitride
(h-BNs) and their catalytic role in CO oxidation by first-principles-based calculations
at GGA-PBE/DND level. They found that Cu atoms prefer to bind directly with the
localized defects on h-BNs, which act as strong trapping sites for Cu atoms and inhibit
their clustering. The strong binding of Cu atoms at boron vacancy also up-shifts the
energy level of Cu-d states to the Fermi level and promote the formation of peroxidelike intermediate. CO oxidation over Cu atoms embedded in h-BNs would proceed
through the Langmuir–Hinshelwood mechanism with the formation of a peroxide-like
complex by reaction of coadsorbed CO and O2, with the dissociation of which the a

24
CO2 molecule and an adsorbed O atom are formed. Then, the embedded Cu atom is
regenerated by the reaction of another gaseous CO with the remnant O atom. The
calculated energy barriers for the formation and dissociation of peroxide complex and
regeneration of embedded Cu atoms are as low as +0.26, +0.11 and +0.03 eV,
respectively, indicating the potential high catalytic performance of Cu atoms
embedded in h-BN for low temperature CO oxidation. Figure 2.10 showed the
calculated potential energy profile of CO oxidation on CuBNs. Black line represents
the CO oxidation on LH mechanism, while red line represents the CO oxidation on ER
mechanism. This studied suggests that CO oxidation is most favorable via LH
pathway (+0.26 eV) comparing to ER pathway (+1.91 eV).

Figure 2.10 The calculated potential energy profile of CO oxidation reaction over
CuBNs substrate
In 2015, the same researcher’s group [48] investigated the electronic structure and
reactivity of Pt atoms stabilized by vacancy defects on hexagonal boron nitride
(h-BNs) by first-principles-based calculations at GGA-PBE/DND level. As a joint
effect of the high reactivity of both a single Pt atom and a boron vacancy defect
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(PtBNs), the Pt–N interaction is -4.40 eV and is already strong enough to prohibit the
diffusion and aggregation of the stabilized Pt atom. Facilitated by the upshifted Pt-d
states originated from the Pt–N interaction, the barriers for CO oxidation through the
Langmuir–Hinshelwood mechanism for formation and dissociation of peroxide-like
intermediate and the regeneration are as low as +0.38, +0.10 and +0.04 eV,
respectively, suggesting the superiority of PtBNs as a catalyst for low temperature CO
oxidation. Figure 2.11 showed the calculated potential energy profile of CO oxidation
on PtBNs. Black line represents the CO oxidation on LH mechanism, while blue and
red lines represent the CO oxidation on ER mechanism. Figure 2.12 showed the
geometry of intermediates and transition states for LH pathway. This investigation
also suggests that CO oxidation is most favorable via LH pathway (+0.38 eV)
comparing to ER pathway (+0.92 and +0.90 eV).

Figure 2.11 The calculated potential energy profile of CO oxidation reaction over
PtBNs substrate

26

Figure 2.12 The geometry of intermediates and transition states for LH pathway

CHAPTER 3
THE H2S REMOVAL REACTION IN THE PRESENCE OF CO
OVER THE TRANSITION METAL-DOPED ZSM-12 CATALYST
3.1 Related introduction
Nowadays, we make extensive use of fossil-based resources, including petroleum,
coal, and natural gases for various transportation and chemical industry applications.
These century-old practices have resulted in serious global environmental effects and
continue to contribute to climate change, due to pollutants released as combustion
by-products. [83-86] Hydrogen sulfide (H2S) is one of the more abundant pollutants
produced by fossil-fuel combustion and is a harmful gas. This compound can cause
devastating effects on the atmosphere and ecosystems, including acid precipitation,
ozone depletion, and chemical smog, as well as being hazardous to human health, and
on the respiratory system in particular. [87, 88] Moreover, the presence of hydrogen
sulfide can negatively impact during the catalytic petrochemical processes by
poisoning both homogenous and heterogeneous catalysts, because of the very strong
chemical bonding between sulfur and metal atoms. [89-91] Therefore, there is an
urgent need for the development of novel methods for the removal of H2S from fossilfuel feedstocks.
Among H2S removal processes, desulfurization by noble transition metal catalytic
materials have been reported by many experimental [3-5] and theoretical
studies [6-14] as most effective, offering both high efficiency and selectivity.
These catalytic reactions will not only reduce H2S molecule into a product of sulfur
atom but also generate the useful product of hydrogen gas (H2) as following:
H2S (g) → Sad + H2 (g). [6-14, 92-94] This might give grounds to consider hydrogen
sulﬁde as inexhaustible potential source of hydrogen; a very valuable chemical reagent
and environmentally friendly energy product. Anyhow after the desulfurization
process, the metal catalysts will mostly damage and cannot reusable because of the
poisoning from sulfur atom as we mentioned earlier. [89-91] To figure out this
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impacted problem, many attempts tried to remove sulfur atom by reacting it into
another molecule or compound, i.e., carbonyl sulfide (COS) which is come from the
combination of carbon monoxide (CO) and sulfur atom. [95] Although, noble
transition metal catalysts provide high efficiency and selectivity for H2S
desulfurization, the high cost and limited supply of these metals limit their extensive
application, and this factor needs to be considered as well. To address all of these
problems, catalytic materials, such as metal oxides and metal-modified metal-oxide
surfaces [16-24] have been investigated for reusability purposes, cost reduction
purposes, and also for their potential industrial-scale of H2S removal in the
petrochemical industry.
Zeolites and transition metal-doped zeolites (TM-ZTE) are commonly used as
metal- and metal-oxide catalytic materials for their low cost, high efficiency, and high
selectivity for fuel and oil refining purposes by industry and by the petrochemical
industry in particular. [78, 79, 96-113] Among hundreds of available TM-ZTE
structures, the transition metal-doped ZSM-12 cluster (TM-ZSM-12) is a popular
zeolite cluster that is commonly used in petrochemical applications for its high
efficiency and selectivity. TM-ZSM-12 is also used for catalytic applications outside
of the petrochemicals industry, such as harmful gases removal reactions, organic
compound separations, and chemical transformation reactions. [80, 114-118] H2S
molecule adsorption has been studied on metal exchanged ZSM-12 clusters (M = Fe,
Co, Ni, Cu and Zn atoms) by means of DFT calculations with B3LYP formalism by
Fellah and co-worker. [80] They found that the Cu-ZSM-12 is a promising candidate
catalyst as for removal of H2S via activation of S–H bond than other metals (Fe, Co,
Ni, Cu and Zn)-ZSM-12 zeolites. Although, widely used and with so many
applications, yet there are currently no existing reports of TM-ZSM-12 application for
H2S desulfurization to another compound such as carbonyl sulfide (COS) which is one
of the interesting desulfurized products because it has less reactivity, and easy
transformation ability into value-added sulfur-compounds, e.g., CS2, SOx, and
CH3SH.
Hence, in this study, we describe theoretical and mechanistic studies of
TM-ZSM-12 catalyst for H2S adsorption processes and desulfurization mechanisms by
CO over the heterogeneous catalytic materials by means of DFT calculations with
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B3LYP-D3 including Grimme’s [119, 120] dispersion correction, to form product of
hydrogen (H2) gas and COS. The successful catalyst will convert H2S by reaction with
CO molecule, via the equation: H2S (g) + CO (g) → COS (g) + H2 (g), and also have
reusable ability for another catalyzed cycle. To the best of our knowledge, we
considered all possible removal mechanisms in our analysis, and our findings could be
helpful in the fabrication of future novel TM-ZTE-based catalysts.

3.2 Modelling and calculation methods
In this modelling process, we performed dispersion-corrected density functional
theory (DFT-D) calculations to investigate and study reaction mechanisms for
desulfurization of H2S by CO over TM-ZSM-12 cluster, which occurs by the
following equation: H2S (g) + CO (g) → COS (g) + H2 (g). Figure 3.1 describes our
ZSM-12 cluster modelling process in two simple steps. First, the repeating unit of
MTW zeolite (Si112O224) was cut across the main pore (at 14T channel, where T refers
to tetrahedral geometry) with the first neighboring connected Si atoms, which is then
becomes the reduced structure of MTW system (Si40O41). Second, we replaced
neighboring Si atoms with 26 H atoms, and set all O–H distances to 0.96 Å, which is
an optimal value for O–H bond length, commonly found in zeolite systems. [78, 79]
Then, we optimized the new 14T cluster (Si14O41H26) again by relaxing every single
atom except for the 26 substituting H atoms, using the long-range B3LYP-D3
functional [73, 121] with Grimme’s dispersion correction [119] and 6-31G(d,p) basis
set in Gaussian09 software. [120] To construct the ZSM-12 cluster, the optimized
structure for the 14T cluster was modified by substituting two Si atoms in the bottom
6T ring channel with two Al atoms at the 1,4-positions as shown in Figure 3.2, which
is the optimal connecting position between the 14T main pore and the 6T ring channel.
Aluminum is a trivalent element, and if placed in a tetrahedral position, a negative
charge is created. The Al3+ is replacing Si4+ in the zeolite framework, the negative
charge is formed by bonding with oxygen atoms, in this study we need more than one
negative charge to bond with various metal Cu, Pd, Ag, Ir, Pt, and Au with different
positive charge. Therefore, we choose two Si atoms replaced with Al (opposite site) to
represent the most stable structure of TM-ZSM-12. These replaced Al atoms will
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improve the reactivity, charge transfer ability, and binding strength ability that have
been validated by other previous studied. [80, 114]
In order to construct the transition metal-doped ZSM-12 cluster (TM-ZSM-12),
transition metal atoms Cu, Pd, Ag, Ir, Pt, and Au were in-turn placed at the center of
the 6T ring channel in the ZSM-12 cluster (Figure 3.3(b)). The new TM-ZSM-12
structures were optimized by using exactly the same condition of B3LYP-D3
functional as previously described with the 6-31G(d,p) basis set for non-metal atom
calculations (H, C, O, Si, Al and S atoms), and the LanL2DZ basis set for the
transition metal atom calculations (Cu, Pd, Ag, Ir, Pt, and Au atoms). To achieve the
high quality results, the spin unrestricted was applied in all calculation systems with
the convergence criterion of 1.00 × 10-6 Ha in energy. All system charges were set as
neutral and the spin state was set as default as shown in Gaussian program (singlet for
Pd, Pt, and non-metal systems, and doublet for Cu, Ir, Ag, and Au systems). The
binding energies (EB) between transition metal atoms and the ZSM-12 cluster were
estimated according to following equation;

EB  ETM-ZSM-12   EZSM-12  ETM 

(3.1)

Where, ETM-ZSM-12 refers to the total energy of the complex, EZSM-12 and ETM refer
to the total energy of the isolated ZSM-12 cluster and the transition metal atom,
respectively. A negative value for EB indicates a strong interaction, while a positive
value indicates a weak interaction between the metal and the ZSM-12 cluster.
In order to find a stable H2S adsorption site on the TM-ZSM-12 clusters, we
investigated all possible sites on these clusters. The adsorption energy (Ead) for H2S
adsorption on TM-ZSM-12 clusters was calculated based on following equation;



Ead  EH2S/TM-ZSM-12  ETM-ZSM-12  EH2S



(3.2)

Where, EH2S/TM-ZSM-12 represents the total energy of H2S adsorption on the
TM-ZSM-12 cluster, ETM-ZSM-12 and EH2S represent the total energy of the isolated
TM-ZSM-12 cluster and the H2S molecule, respectively. Adsorption strength increases
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with increasing Ead negativity, while more positive values indicate weaker adsorption
of H2S on the TM-ZSM-12 cluster.

Figure 3.1 The modelling process of ZSM-12 cluster from repeating unit of
MTW zeolite

Figure 3.2 (a) A side view of the MTW zeolite cluster, (b) a snapshot top view of
the 6T ring channel in the MTW zeolite cluster

Figure 3.3 (a) A side view of the ZSM-12 cluster, (b) a snapshot top view of the
6T ring channel in the ZSM-12 cluster
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3.3 The geometry optimization of the ZSM-12 cluster
The geometric properties as following Figure 3.1 of the large MTW zeolite
system (Si112O224) and small ZSM-12 system (Si14O41H26) were studied to ensure that
the small model is sufficient to replicate the overall model of MTW zeolite structure.
In this comparing, we will compare some geometric properties such as TM–O bond
length and 6T channel distance. The periodic system of MTW zeolite is calculating
under PBE-D3/DNP level, [122] while the small model is calculating under
B3LYP-D3/6-31G(d,p) level. The result shows that the average TM–O bond length of
Si112O224 is 1.633±0.004 Å, while the average of TM–O bond length of Si14O41H26 is
1.642±0.005 Å. For the comparison on the distance of 6T channel, which is the main
reaction pore, we found that distances of O1–O4, O2–O5, and O3–O6 are 4.52, 5.01,
and 6.31 Å, respectively. For the small model, the distances of 6T channel are 4.77,
4.97, 5.99 Å for O1–O4, O2–O5, and O3–O6, respectively. Hence, we can summarize
that there are quite similar in the geometric properties between the large system and
the small model even performing in the different DFT method and different software.
In conclusion, this small model is sufficient to replicate the overall MTW zeolite with
the same geometric properties as presented in this calculation.

3.4 The geometry optimization of the TM-ZSM-12 clusters
We describe the geometric and electronic properties of the transition metalmodified ZSM-12 clusters. Figure 3.3 shows a side view of the 14T channel and a
snapshot top view of the 6T ring channel in the ZSM-12 cluster. The 6T ring is
substituted with two Al atoms at the 1,4-positions, and incorporates six oxygen atoms
at alternate ring positions. After the optimization of the various TM-ZSM-12 clusters,
we found that the geometry of binding transition metal is square planar-like structure
which connects to four oxygen points, at the O1, O2, O4, and O5 positions. Figure 3.4
shows a figure of the optimized structures for the Cu-, Pd-, Ag-, Ir-, Pt-, and
Au-ZSM-12 clusters, respectively. In depth investigation of these TM-ZSM-12
clusters, we calculated some geometric and some electronic properties for each
TM-ZSM-12 cluster such as binding energy (EB), the relative Mulliken charges after
optimization (Δq), and optimized bond distances between the transition metal atom
and adjacent oxygen atoms in the 6T ring (dTM–O) as shown in Table 3.1.
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The results reveal that all transition metal atoms are perfectly stable at the center
6T ring channel of ZSM-12 clusters with large negative EB values in range of
-5.40 to -9.40 eV. Table 3.2 compare a present result to non-replaced Al system, the
result clearly shows that the replaced Al atoms will improve the reactivity, charge
transfer ability, and binding strength with the transition metal when comparing to
non-replaced Al system. The binding strength order is: Ir > Pt > Cu > Pd > Ag ≈ Au,
with the Ir-ZSM-12 cluster offering the most stable structure and Au-ZSM-12 cluster
being the least stable. The relative Mulliken charges [123] (ΔqTM) show that all
transition metal charges have become positive values after the optimization process.
Thus, the charge transfer process occurring in the TM-ZSM-12 systems involves
electron transfer from transition metal to the ZSM-12 substrate around +0.220 to
+0.500 e. These observations confirm the presence of strong chemical interactions
between transition metal and the ZSM-12 cluster, as reported in many previous
works. [78, 80, 110, 111, 114, 116] Additionally, we measured the transition metal
atom and nearest oxygen-atom bond distances (dTM–O) in the 6T ring structure. The
bond distances between transition metal atoms and O1, O2, O4, and O5 atoms are
around 1.90–2.50 Å. These results clearly confirm the square planar-like structure for
the metal and its connected oxygen atoms, in which the transition metal is located at
the center point of a square-planar geometry, with oxygen atoms at each corner
(Figure 3.4).

Table 3.1 The geometric and electronic properties of TM-ZSM-12 clusters
EB

ΔqTM

Bond distance of TM–O species, dTM–O (Å)

(eV)

(e)

TM–O1 TM–O2 TM–O3 TM–O4 TM–O5 TM–O6

Cu-ZSM-12

-7.57

+0.493

1.94

2.23

3.38

1.92

2.17

3.35

Pd-ZSM-12

-6.95

+0.304

2.06

2.21

3.34

2.04

2.18

3.30

Ag-ZSM-12

-5.70

+0.262

2.24

2.46

3.30

2.23

2.45

3.14

Ir-ZSM-12

-9.36

+0.362

2.03

2.19

3.37

2.01

2.17

3.33

Pt-ZSM-12

-8.61

+0.289

2.08

2.17

3.35

2.06

2.15

3.31

Au-ZSM-12

-5.48

+0.221

2.13

2.37

3.27

2.11

2.35

3.20

TM-ZSM-12
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Table 3.2 The comparison between replaced Al system and non-replaced Al
system on the TM-ZSM-12 cluster by various transition metals

TM-ZSM-12

Replaced system

Non-replaced system

EB (eV)

ΔqTM (e)

EB (eV)

ΔqTM (e)

Cu-ZSM-12

-7.57

+0.493

-1.14

-0.386

Pd-ZSM-12

-6.95

+0.304

-0.84

-0.307

Ag-ZSM-12

-5.70

+0.262

-0.81

-0.265

Ir-ZSM-12

-9.36

+0.362

-1.02

-0.315

Pt-ZSM-12

-8.61

+0.289

-1.74

-0.189

Au-ZSM-12

-5.48

+0.221

-0.85

-0.278

Figure 3.4 The snapshot top view of the optimized TM-ZSM-12 clusters; (a) Cu,
(b) Pd, (c) Ag, (d) Ir, (e) Pt, and (f) Au-doped ZSM-12 clusters

For the methodology validation of DFT-D functional, the comparison of
B3LYP-D3 functional to ωB97XD, M062X-D3, and M06L are shown in Figure 3.5.
The results clearly showed that there is no significantly difference point for all four
candidates DFT-D functional, because they are provided the results with the slightly
difference on the bond distance and binding energy values. Hence, we can finalize that
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the common hybrid GGA such as B3LYP-D3 functional is sufficient for the
TM-ZSM-12 system calculation.

Figure 3.5 The comparison of DFT-D functional such as ωB97XD, B3LYP-D3,
M062X-D3, and M06L. X axis is transition metal; where 1=Cu, 2=Pd,
3=Ag, 4=Ir, 5=Pt, and 6=Au. Note that Ir atom and Pt atom cannot
perform by M06L functional.

3.5 H2S adsorption on TM-ZSM-12 clusters
We considered all possible H2S adsorption sites for H2S adsorption on a
TM-ZSM-12 cluster, including a top site on either the transition metal or on an
adjacent oxygen atom, and bridge sites between TM–O, O–Si, and O–Al bonds.
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We found that the most stable position for H2S adsorption on the TM-ZSM-12 cluster
is at the transition metal top site. Figure 3.6(a)–(c) and (g)–(i) shows snapshot top
views of the optimized H2S adsorbed TM-ZSM-12 structure, while Figure 3.6(d)–(f)
and (j)–(l) shows the respective side views. In depth analysis of H2S adsorption, we
calculated some geometric and some electronic properties for H2S adsorbed
TM-ZSM-12 complexes such as the adsorption energy (Ead), the relative Mulliken
charges of transition metals (ΔqTM) and H2S molecule (ΔqH2S), the bond distances
between the transition metal atom and its adjacent four oxygen atoms (dTM–O), and the
bond distances between the transition metal and the sulfur atom (dTM–S) as shown in
Table 3.3.

Table 3.3 The geometric and electronic properties for H2S adsorbed TM-ZSM-12
clusters
TM-ZSM-12

Ead

ΔqTM

ΔqH2S

Bond distances, dTM–O and dTM–S (Å)

(eV)

(e)

(e)

TM–O1 TM–O2 TM–O4 TM–O5 TM–S

Cu-ZSM-12

-1.42

-0.293 +0.399

1.96

2.73

1.95

2.24

2.42

Pd-ZSM-12

-1.30

-0.286 +0.494

2.06

3.01

2.05

2.37

2.38

Ag-ZSM-12

-0.47

-0.094 +0.046

2.24

2.46

2.23

2.45

3.30

Ir-ZSM-12

-1.02

-0.347 +0.372

2.13

2.23

2.10

2.20

2.58

Pt-ZSM-12

-0.60

-0.073 +0.057

2.08

2.18

2.06

2.17

3.46

Au-ZSM-12

-0.51

-0.089 +0.029

2.13

2.37

2.11

2.35

3.35

For H2S adsorption on TM-ZSM-12 clusters, our calculations reveal that there are
three types of TM-ZSM-12 clusters that can adsorb H2S molecule, which are Cu-, Pd-,
and Ir-ZSM-12 clusters, with Ead values of -1.42, -1.30, and -1.02 eV, respectively.
From these adsorption results, we conclude that the Cu-ZSM-12 cluster is the most
favorable substrate for H2S adsorption with the greatest Ead values. Moreover, we
calculated bond distances for all of those systems, and the optimal distance between
transition metal and sulfur atom (dTM–S) are found in the range 2.30–2.60 Å in cases
that an adsorption interaction occurs, such as Cu-, Ir-, and Pd-ZSM-12. This result is
within the same range as reported for dTM–S bond lengths by previous studies. [6-14]

37
For cases where no adsorption between TM-ZSM-12 and H2S occurs, the dTM–S are
around 3.30–3.50 Å, which is significantly greater than for the Cu- (2.42 Å), Pd(2.38 Å), and Ir-ZSM-12 (2.58 Å) complexes. Additionally, we measured the dTM–O
distances after adsorption process, to help understand the effect of the transition metal
on the 6T ring channel. We focus on the bond distances between transition metal atom
and its nearest neighbor O1, O2, O4, and O5 atoms after adsorption. In the cases that
the adsorption interaction occurs, dTM–O values significantly change from 1.90–2.30 Å
to 1.90–3.10 Å for Cu-, and Pd-ZSM-12, respectively. However, dTM–O for Ir-ZSM-12
shows only a small change, from 2.00–2.20 Å to 2.10–2.30 Å. These results showed
that the transition metal conformation on the 6T ring channel changes after adsorption
for Cu-, and Pd-ZSM-12, from square planar structures into a tetrahedral geometry, as
shown in Figure 3.6(a)–(b). By contrast, for Ir-ZSM-12, the conformation remains
unchanged, retaining its pre-adsorption structure (Figure 3.6(g)). For cases where
adsorption interactions do not occur, which are Ag-, Pt-, and Au-ZSM-12, the dTM–O
values remain unchanged, and so their conformations are unchanged. This also
confirms that if there were an adsorption interaction between transition metal and H2S
molecule, the dTM–O will change. If there is no change in dTM–O, then we can conclude
that adsorption did not occur. These three properties, adsorption energies, dTM–S and
dTM–O confirm the presence of adsorption interactions between transition metal and
H2S.
For relative Mulliken charge (Δq) calculations, we found that for all transition
metals, the population charge after adsorption (ΔqTM) changed to negative values,
while the population charge of the H2S molecule (ΔqH2S) changed to positive values.
This is because the transition metals are both electron accepting and receiving species,
while the H2S molecule is an electron donating species. For the cases that adsorption
occurs, for Cu-, Pd-, and Ir-ZSM-12, the ΔqTM and ΔqH2S values clearly show that
charge transfer occurs between the metal and the H2S molecule after adsorption,
transferring approximately +0.370 to +0.500 e from H2S to the TM-ZSM-12 substrate.
This charge exchange between transition metal atom and the H2S molecule clearly
demonstrates the existence of a strong chemical interaction. By contrast, when
adsorption does not occur, the ΔqH2S value undergoes only a small change of around
+0.020 to +0.060 e. These relative Mulliken charge results also confirm that no
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chemical interaction occurs between transition metal atom and the H2S molecule,
because there is no charge exchange between the two species.
These H2S adsorption results for TM-ZSM-12 cluster, including the relative
charge calculations, bond distance measurements, and adsorption energy calculations
show that adsorption between transition metal and an H2S molecule occur for dTM–S
values in the range 2.30–2.60 Å, ΔqH2S of +0.370 to +0.500 e, and Ead values of
-1.00 to -1.50 eV. Hence, we conclude that Cu-, Pd-, and Ir-ZSM-12 clusters are the
potential candidates as TM-ZSM-12 substrates for H2S adsorption.

Figure 3.6 (a)–(c) and (g)–(i) show a snapshot top views, while (d)–(f) and (j)–(l)
show a snapshot side views of H2S adsorbed on TM-ZSM-12 clusters
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For the validation of DFT-D functional on the H2S adsorption over TM-ZSM-12
systems, the comparison results of B3LYP-D3 functional and another three functional
such as ωB97XD, M062X-D3, and M06L are shown in Figure 3.7. The results clearly
showed that there is still no significantly difference point for all four candidates
DFT-D functional as found in section 3.4, because all of them are provided the results
with the slightly difference on the bond distance, bond angle and adsorption energy
values. Hence, we can finalize that the common hybrid GGA such as B3LYP-D3
functional is sufficient for all calculation on the TM-ZSM-12 systems.

Figure 3.7 The comparison of DFT-D functional such as ωB97XD, B3LYP-D3,
M062X-D3, and M06L. X axis is transition metal; where 1=Cu, 2=Pd,
3=Ag, 4=Ir, 5=Pt, and 6=Au.
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3.6 The H2S removal by CO mechanisms
We investigated the catalytic reaction mechanism of H2S removal over transition
metal-doped ZSM-12 clusters as shown in Figure 3.8 and Figure 3.9, namely COS
formation process, and H2 formation process, respectively. The overall reaction
mechanism is H2S (g) + CO (g) → COS (g) + H2 (g), which H2S and CO gases are the
reactant (REA), while COS and H2 gases are the product (PRO) of this reaction. Note
that the COS formation reaction cycle come from our hypothesis which is depending
on existed intermediates. Furthermore, we did not explore the other side reaction
because we only focus on this reaction and investigate how H2 can be produced from
this H2S removal process. For the COS formation process (Figure 3.8), the reaction
mechanism begins with the H2S adsorption step, which an H2S molecule adsorbs to the
transition metal in a TM-ZSM-12 cluster, to generate intermediate of IS1 structure.
After the adsorption step, one hydrogen atom then dissociates from IS1 to form IM1
via TS1 structure, which a hydrogen atom migrates to nearby oxygen, leaving behind
SH, as shown in the IM1 structure. This step is called the first hydrogen dissociation
step. After that, the SH intermediate (IM1) is approached by CO molecule to form the
COSH intermediate. This present intermediate has a triangle-like structure as shown in
the IM2 structure. Next, the second hydrogen dissociation step, the remaining
hydrogen atom leaves the COS intermediate, and migrates to nearby oxygen, which
then rearranges to form the FS1 intermediate via TS2 structure. Lastly, the COS
product then desorbs from the cluster, leaving two hydrogen atoms behind at the
alpha-oxygen positions (IM3).
For the H2 formation process (Figure 3.9), there are two competitive routes
because of non-symmetric oxygen atoms on the ZSM-12 zeolite cluster system. The
reaction starts with the diffusion step of adsorbed hydrogen atom from alpha-oxygen
position (IM3) to transition metal atom as represented in IM4a and IM4b via TS3a
(route A, blue line) and TS3b (route B, red line), respectively. After that, the rest of
adsorbed hydrogen atom at another alpha-oxygen position then migrates and reacts
with the previous diffused hydrogen atom (hydrogen at top position of metal atom) to
form H2 molecule as shown in FS2 intermediate via TS4a and TS4b. This step is
called the hydrogen formation step. For the last step, which is the H2 desorption, the
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H2 product then desorbs from TM-ZSM-12 cluster, and regenerating the TM-ZSM-12
catalyst for another H2S removal mechanism cycle.

Figure 3.8 The catalytic reaction mechanism of H2S removal by CO over the
TM-ZSM-12 cluster

Figure 3.9 The hydrogen formation mechanism over the TM-ZSM-12 cluster via
route A (blue line) and route B (red line)

For the reaction mechanism of H2S removal by CO, we summarize that based on
H2S adsorption at various TM-ZSM-12 zeolite clusters, there are three possible
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pathways including Cu-ZSM-12, Ir-ZSM-12, and Pd-ZSM-12 clusters. Owing to all
three possible pathways, they have exactly the same H2S removal by CO reaction
mechanism. Hence, in this section, we only discuss and focus on the best reaction
mechanism pathway, which is the Cu-ZSM-12 cluster as shown in Figure 3.10 and
Figure 3.11. Additionally, all TS structures were confirmed by vibrational frequency
calculations to ensure that each TS has only one imaginary frequency as shown in
Table 3.4. For the reaction mechanism on the Ir-, and Pd-ZSM-12 clusters, please see
Figure 3.12 and Figure 3.13.

Table 3.4 The calculated imaginary frequency for all TS structures of TS1, TS2,
TS3, and TS4 by various TM-ZSM-12 clusters

TM-ZSM-12

Imaginary frequency (cm-1)
TS1

TS2

TS3a

TS3b

TS4a

TS4b

Cu-ZSM-12

-622.95

-934.99

-926.50

-1,089.46

-910.97

-1,059.77

Ir-ZSM-12

-896.98

-1,495.82

-846.51

-1,428.24

-962.30

-1,217.65

Pd-ZSM-12

-672.06

-1,468.74

-811.50

-1,459.70

-826.22

-1,072.28

Figure 3.10 shows the calculated potential energy profiles from the summation of
electronic and thermal correction Gibbs free energy (E0 + Gcorr) at 298.15 K, and the
optimized structures of all intermediates and transition states of the Cu-ZSM-12
cluster in the COS formation process. Our calculated results reveal that there are three
steps, namely, the first and second hydrogen dissociation steps as illustrated by the
TS1 and TS2 structures, and another important COS desorption step from FS1 to IM3
without TS. For the first and second hydrogen dissociation steps, they are only
required the activation energy (Ea) of +0.04 and +0.22 eV. By contrast, we found that
the COS desorption step is a rate-determining step along this H2S removal by CO
pathway with the highest Ea of +1.18 eV. However, desorption process can be
experimentally accomplished via applying external electric fields weaken or alter the
adsorption of molecule on the surface [124-128] to obtain intermediate IM3. For the
rest of reaction mechanism, the H2 formation process start from IM3, there are two
opposite pathway including route A (black line) and route B (red line) as shown in
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Figure 3.11. Our calculated results show that the hydrogen diffusion via route B
(TS3b) is much easier than the diffusion via route A (TS3a) with the Ea of +0.62 eV
(comparison to +0.81 eV). Not only require a smaller value of Ea but their
intermediate (IM4b) also shows higher stability than route A. After that, the reaction
mechanism continues thru the H2 formation step, which two hydrogen atoms then
migrate and react with each other to form H2 molecule via TS4a and TS4b. In this
step, values of Ea were found around +1.19 and +0.94 eV for pathway A and B,
respectively. Therefore, we can conclude that the H2 formation process is more
favorable via route B than route A with the lower Ea in either of TS3 or TS4. Lastly,
the H2 product then desorbs from Cu-ZSM-12 cluster with the Ea of +0.04 eV, and
regenerating the Cu-ZSM-12 catalyst for another H2S removal mechanism cycle.
For the comparison of all proposed H2S removal by CO mechanism on various
possible pathways, the results are summarized in Table 3.5. Ea1 and Ea2 indicate the
activation energy that required for the first and second hydrogen dissociation steps.
Edes indicates the desorption energy that required for COS molecule desorption from
the TM-ZSM-12 clusters. Ea3 and Ea4 represent the required activation energy of route
B for hydrogen diffusion and formation steps, respectively. By comparison of the
various TM-ZSM-12 clusters, we found that the first and second hydrogen dissociation
steps have low activation energy around +0.04 to +0.40 eV. By contrast, we found that
the COS desorption step is rate-determining for H2S removal by CO reaction on
Cu-ZSM-12 system, with the greatest activation energy range of +1.11 to +1.70 eV.
This founded desorption barrier is closed to previous studied on the ZnO
adsorbent, [77] which has Edes of +0.91 to +1.48 eV. For the hydrogen diffusion and
formation steps, the calculated Ea values were found in wide range around +0.62 to
+1.79 eV on various TM-ZSM-12 clusters.
Based on our results, we predict that the Cu-ZSM-12 cluster is the most effective
TM-ZSM-12 clusters for H2S removal, with the rate-determining step along the
reaction pathway of +1.18 eV. Additionally, Cu-ZSM-12 is not only the best
TM-ZSM-12 cluster but also the cheapest one when compare to another noble
transition metals that we have considered in this research. Hopefully, our finding
results could be helpful in the fabrication of the future novel TM-ZTE-based catalysts
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that can convert toxic gases into useful product or green product like H2 gas with high
efficiency and low cost.

Figure 3.10 A calculated potential energy profiles obtained from the summation
of electronic and thermal correction Gibbs free energy (E0 + Gcorr) at
298.15 K for the reaction mechanism of COS formation process over
the Cu-ZSM-12 cluster
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Figure 3.11 A calculated potential energy profiles obtained from the summation
of electronic and thermal correction Gibbs free energy (E0 + Gcorr) at
298.15 K for the reaction mechanism of H2 formation process over
the Cu-ZSM-12 cluster

Table 3.5 The calculated activation energies (Ea) for all elementary steps of H2S
removal by CO reaction mechanism on various TM-ZSM-12 clusters
TM-ZSM-12

Ea1

Ea2

Edes

Ea3

Ea4

Cu-ZSM-12

+0.04

+0.22

+1.18

+0.62

+0.94

Ir-ZSM-12

+0.10

+0.40

+1.70

+0.75

+1.72

Pd-ZSM-12

+0.05

+0.28

+1.11

+0.75

+1.79
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Figure 3.12 A calculated potential energy profiles obtained from the summation
of electronic and thermal correction Gibbs free energy (E0 + Gcorr) at
298.15 K for the reaction mechanism of H2S removal by CO over the
Ir-ZSM-12 cluster
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Figure 3.13 A calculated potential energy profiles obtained from the summation
of electronic and thermal correction Gibbs free energy (E0 + Gcorr) at
298.15 K for the reaction mechanism of H2S removal by CO over the
Pd-ZSM-12 cluster

CHAPTER 4
THE TOXIC GAS REMOVAL REACTION OVER
THE CARBON-DOPED BORON NITRIDE CATALYST
In this chapter, the toxic gas removal reaction mechanisms over the carbon-doped
boron nitride nanosheets (CxBNs) are discussed, which is separated into two main
parts based on the reaction types:
4.1 NO reduction reaction
4.2 CO oxidation reaction

4.1 NO reduction reaction
4.1.1 Related introduction
Air pollution caused by the combustion of fuel in vehicle and by industrial
processes is considered to be one of the primary environmental challenges/issues
facing the world today and one that needs urgent attention. [129, 130] Among the
poisonous gases that are emitted, nitrogen oxide (NO) is one of the most harmful gases
to environment and human health due to its many devastating effects on the
atmosphere (depletion of the ozone layer), ecosystems (source of acid rain and
photochemical smog), and harmful to human health. [130] Therefore, it is of great
importance to reduce or remove NO molecules from the atmosphere. Presently, noble
transition metal catalytic materials, such as Pt, Ag, Ru, Rh, Pd, and Au are some of the
most effective and commonly used elements/substances for NO reduction due to their
high efficiency and low activation energy (Ea). [27-43] For example, Wang et al. [43]
have reported that N2O can be easily achieved over an Au(111) surface during NO
reduction through using a dimer mechanism with a low Ea value of +0.35 eV.
Lui et al. [42] reported that N2O is the major reduction product of the inverted NO
dimer when using bulk Ag as a metal-based catalyst with a low Ea of +0.27 eV.
However, considering the high cost, toxicity (from heavy metals), and limited supply,
these metals have certain limitations to their application.
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To overcome these restraints, the transition metal-doped nanomaterial
catalysts, such as transition metal-doped phthalocyanines (MPcs), [44] transition
metal-doped graphene [45, 46] and metal-doped graphene-like structure [47-49] were
developed for NO reduction due to their abundance, durability and low cost. For
example, Meeprasert et al. [44] reported that Cr-phthalocyanine monolayer (CrPc) can
be used to convert NO into N2O molecules with a low Ea of +0.35 eV via dimer
mechanism with LH1 pathway. However, metal-doped nanomaterial was reported to
be poisonous and toxic to the environment as it caused new pollution and
contamination. As a result, metal-free catalysts were used for NO reduction. For
instance, Feng et al. [50] reported that by using a silicon-carbon nanosheet (SiC) as a
metal-free catalyst, NO can be converted to N2O via dimer mechanism with an Ea of
+0.72 eV. Chen et al. [51] showed that the catalytic reduction of NO on a metal-free
catalyst, such as a silicon-doped graphene (Si-Graphene) is favorable through a dimer
mechanism with an Ea of +0.46 eV. Likewise, Xu et al. [52] reported that the removal
of NO is feasible by using silicene as a catalyst and that the NO reduction mechanism
provides more favorable results via dimer mechanism with an Ea of +0.45 eV than
direct NO dissociation. These findings showed that metal-free catalysts can be used
instead of metal-based and metal-doped catalysts for NO reduction with high
efficiency and a low Ea via dimer mechanism pathway.
Among the metal-free catalysts, hexagonal boron nitride nanosheets
(h-BNs) are one of the most commonly used for NO reduction. h-BNs are similar to
graphene in that both exhibit excellent mechanical properties and a high thermal
conductivity, but vary in their chemical and physical properties [131, 132] due to the
different electronegativity charges of their B and N atoms. For these reasons, the
h-BNs structure has more ionic properties and a stronger interaction and charge
transfer with deposited atoms than graphene. [131-134] There are many applications
for h-BNs usage in experiments, such as an electrode modified for electrocatalytic
analysis and as a catalyst for selective oxidative reaction. [135] h-BN nanosheets have
stronger resistance to oxidation than graphene, and hence are more suitable for
applications at high temperatures and the manufacturing processes requiring heating
treatments. The higher thermal stability, intrinsically insulators and excellent
impermeability of BN nanosheets make them superior to graphene in protecting metals
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from oxidation and corrosion. [136] Recently, theoretical calculations have shown that
B and N atoms in BN lattice are preferably substituted by C atoms. [133, 134] The
results showed that the substitution of C atoms can enhance reactivity and charge
transfer properties. Moreover, the carbon-doped boron nitride nanosheets (CBNs)
display high catalytic efficiency for oxygen reduction reaction (ORR) [133, 134] and
CO

oxidation

reaction [137]

with

have

high

selectivity,

kinetically,

and

thermodynamically favorable properties, yet there are currently no existing reports for
their use in NO reduction mechanisms.
Hence, in this work, the authors applied dispersion-corrected density
functional theory (DFT-D) calculations to investigate the possible mechanisms of NO
reduction reaction on CBNs in terms of kinetically and thermodynamically favorable
properties via dimer mechanism pathway using the equation: 2NO → N2O + Oad.
To the best of our knowledge, all of these possible mechanisms were studied and
could be helpful in fabricating future novel and metal-free NO reduction catalysts.
4.1.2 Computational details
In this work, DFT-D calculations were performed using the DMol3 module
from the Material Studio software package version 5.5. [122, 138] Exchange and
correlation interactions were based on the generalized gradient approximation (GGA)
using the PerdewBurkeErnzerhof (PBE) functional. [139] For this study, a doublenumerical basis with polarization functions (DNP) [122] was chosen for all electron
calculations with a real-space cutoff radius of 4.1 Å and spin polarization was allowed.
Figure 4.1(b) confirmed that PBE functional with DNP basis set is the best condition
for this NO adsorption which is similar to previous BNs works. [48, 49, 134, 140-143]
The partial occupancies were treated using a smearing energy of 1.0 × 10-3 Ha. The
5 × 5 × 1 k-point grids were used for 5 × 5 bare hexagonal boron nitride (h-BN)
supercells in a periodic system (25 boron atoms and 25 nitrogen atoms). All selfconsistent field (SCF) calculations were carried out with the convergence criterion of
1.0 × 10-5 Ha. Figure 4.1(a) confirmed that the best supercell size for NO adsorption is
5 × 5 supercell, which is agreement with many previous works. [134, 140, 142, 143]
For all calculations, the simulation box was fixed after the bulk parameters were
optimized based on a hexagonal lattice system with a and b parameters of
12.61 × 12.61 Å2, while vacuum space was added in z direction so that c of the lattice
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parameter became 30.00 Å to avoid interaction between periodic elements. CBNs
were constructed by optimizing the structure after substitution of one C atom for B
atom (labeled as CBBNs) and N atom (labeled as CNBNs) in the bare BN sheet as
shown in Figure 4.2(a)–(c).
The transition state (TS) was searched by using the linear synchronous
transit (LST) method, followed by repeated conjugated gradient (CG) refinements, and
then quadratic synchronous transit (QST) [144] maximizations and repeated CG
refinements until the TS was located. The vibrational frequency calculation was
performed on the obtained TS structure to ensure that it had only one imaginary
frequency corresponding to the reaction coordinate.
In order to find the stable sites of NO on CBNs, the adsorption energy was
calculated based on:

Ead  ENO/CBNs   ECBNs  ENO 

(4.1)

Where ENO/CBNs refers the total energy of NO molecule adsorbed on CBNs,
while ECBNs and ENO are the total energy of isolated CBNs and NO molecule systems,
respectively. Negative adsorption energy levels indicated a stronger interaction
between NO molecule and adsorbent.
The reaction rate constants of each elementary step in forward or reverse
direction (ki) were estimated using the Arrhenius equation:

 E 
ki  A exp   ai 
 RT 

(4.2)

Where ki is the reaction rate constant of ith reaction. For example, k2 and k-2
indicated reaction rate constant of 2nd reaction, in either the forward or reverse
direction, respectively. A is the pre-exponential factor that was evaluated using the
transition state theory as A = kBT/h, where kB and h are the Boltzmann and Planck
constants, respectively. [145] Eai is the activation energy associated with the
transformation of the reactant to the TS in ith reaction. R and T are the gas constant and
temperature, respectively.
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The reaction rate constants of each elementary step were calculated
following equation:

Ki 

 E E 
ki
 exp   a(i) a(-i) 
k i
RT



(4.3)

Where Ki is the reaction rate constant of ith reaction. For example, K2
indicated reaction rate constant of 2nd reaction. If Ki value bigger than 1.00, this
reaction was favorable occur to forward direction than reverse direction. In contrast, if
Ki value smaller than 1.00, this reaction was favorable occur to reverse direction than
the forward direction.

Figure 4.1 The NO adsorption comparison by various supercell sizes and various
functionals. (a) NO adsorption on various CBNs sizes, and (b) NO
adsorption calculated by PBE, PW91, and RPBE functional.

4.1.3 The geometric and electronic properties of CBNs catalysts
In this section, we studied the geometry and electronic property of the
CBNs catalyst. Figure 4.2(a)–(c) shows pristine monolayer h-BNs and a monolayer
h-BNs with a substituted C atom at B position (CBBNs) and N position (CNBNs). The
results showed that C–N and C–B bonds were formed in BN sheets with a length of
1.41 and 1.51 Å, respectively. In addition, all structures doped with the C atom
remained planar after structural optimizations, without any protrusion of the C atom
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above the surface, which is similar to results found in previous works. [133, 134, 137]
Figure 4.3 illustrates the partial density of electronic states (PDOS) calculated for the
pristine monolayer h-BNs, C atom, CBBNs and CNBNs, respectively. The black line
and red line show sp-orbitals of BNs and the sp-orbitals of substituted C atom,
respectively. The dashed line illustrates the Fermi level that was set at 0.00 eV. Our
calculations revealed that the defect-free monolayer h-BNs had a wide band gap of
4.7 eV, which is in agreement with the available experimental values that are widely
dispersed in the range between 3.6 and 7.1 eV, [146] and theoretical values in the
range from 4.6 to 8.4 eV. [133, 147, 148]

Figure 4.2 The optimized structure of 5 × 5 supercells in a periodic system and
possible site for NO adsorption; (a), (d) h-BNs, (b), (e) CBBNs and
(c), (f) CNBNs
For CBNs results, substitution of the B atom with the C atom was
equivalent to the electron doping of monolayer h-BNs. Figure 4.3(c) demonstrates that
CBBNs correspond to a typical electronic structure of an n-type semiconductor. In
addition, we found that the band gap in the CBBNs system shifted away from fermi
level when compared to the bare h-BNs system. Substitution of the N atom in
monolayer h-BNs with C (CNBNs) was equivalent to an electron vacancy doping as
shown in Figure 4.3(d). In this case, the electronic structure was a p-type
semiconductor material. We did not observe a shift in PDOS in the CNBNs system,
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which corresponds to Gao et. al.’s results. [133] Figure 4.3(c)–(d) clearly shows the
strong interaction between p-orbitals of substituted C and sp-orbitals of BNs sheet at
Fermi level. However, we found the strong interaction around -2.0 eV in the CNBNs
system which can be found only in the CNBNs system. Therefore, CNBNs would be
potentially efficient catalyst for NO adsorption and reduction in our study.

Figure 4.3 The partial density of states (PDOS) of bare (a) h-BNs, (b) C atom,
(c) CBBNs, and (d) CNBNs systems. The black and red lines illustrate
the sp-orbitals of BNs and the sp-orbitals of substituted C atom,
respectively. Dashed line illustrates Fermi level that is set at 0.00 eV.

4.1.4 The adsorption of NO molecules on CBNs substrates
Two possible mechanisms for NO reduction to N2O have been proposed in
previous studies, [41-44, 50-52, 81] i.e., direct dissociation mechanism and the dimer
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mechanism. In the former case, an adsorbed NO molecule first dissociates into Nad and
Oad atoms and another NO molecule then associates the Nad atom to release a N2O
molecule. For the latter mechanism, two NO molecules initially couple into a NO
dimer, followed by a dissociation into a N2O molecule and an Oad atom. It is well
known that the initial adsorption manner of a molecule on the catalyst surface can
greatly affect the subsequent surface reactions. To gain further insight into the
catalytic reactivity of h-BNs and CBNs toward NO molecules, the adsorption of NO
monomer on h-BNs and CBNs were explored and several possible high symmetry
adsorption sites were considered, including atop, bridge, and hollow sites as shown in
the Figure 4.2(d)-(f). Their adsorption energies were determined in the computational
details section. Negative adsorption energy indicated a stronger interaction between
the NO molecule and adsorbent. For the adsorption of NO monomer on bare h-BNs,
we have already tried on all possible adsorption sites, and we did not really observe
the adsorption between NO molecule and h-BNs, which are similar to previous CBNs
studies. [133, 134, 137] To solve this problem, we have to substitute C atom on h-BNs
surface to make this surface more active.

Table 4.1 The calculated results of NO monomer and dimer adsorption on CBNs
Structure

Ead (eV)

dN–X (Å)

Δq (e)

M1

-1.31

1.66

-0.21

M2

-0.85

1.65

-0.26

M3

-1.25

1.61

-0.16

D1

-1.25

1.65

-0.26

D2

-1.51

1.63

-0.42

D3

-1.74

1.72

-0.48

D4

-1.33

1.50

-0.32

D5

-1.37

1.50

-0.31

The adsorptions of NO monomer on CBNs are shown in Figure 4.4(a)–(b).
It was found that the energetically favorable site for NO monomer adsorption on the
CBBNs was the atop C1 atom (M1) and atop B3 atom (M2) bonding to the N atom in
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the NO molecule. The adsorption energy of the NO monomer on CBBNs is shown in
Table 4.1. There were two possible sites for NO adsorption: M1 with an Ead of
-1.31 eV and M2 with Ead of -0.85 eV. Figure 4.4(c) shows the only stable adsorption
structure of the NO monomer on CNBNs. The results showed that the NO monomer
was stable only at the atop C1 atom (M3) of CNBNs with an Ead of -1.25 eV.
In addition, we did not observe an O atom in the NO molecule bonding with surface
due to its lack of stability. These calculations are similar to results found in many
previous studies. [44, 50-52, 81] The bond length and the amount of Mulliken charges
received [149] (Δq) after adsorption were also not significantly different.

Figure 4.4 The optimized structure of NO monomer adsorption on CBNs:
(a) M1, (b) M2 and (c) M3

Considering that the NO dimer might be a key intermediate in the process
of NO reduction on catalysts surface, there were five possible structures of NO dimer
on CBNs (Figure 4.5). For the adsorption on CBBNs, there were three stable
structures: cis-(NO)2 at atop C1 atom (D1), cis-(NO)2 at atop B3 atom (D2) and
trans-(NO)2 at atop B3 atom (D3) as seen in Figure 4.5(a)–(c) with an Ead of -1.25,
-1.51 and -1.74 eV, respectively. The trans-(NO)2 isomer demonstrated a stronger
adsorption than the cis-(NO)2 isomer with an Ead of -1.74 eV, which is in line with
previous research. [44, 49-51] For the NO dimer adsorption on CNBNs, there were two
stable structures: cis-(NO)2 at atop C1 atom (D4) and trans-(NO)2 at atop C1 atom
(D5) as shown in Figure 4.5(d)–(e) with an Ead of -1.33 and -1.37 eV, respectively.
Interestingly, we found that the O atom of trans-(NO)2 structure adsorbed on the atop
B2 position of the surface forming a five-membered ring structure in the D5 structure.
Because of the high electrophilicity of B2 atom, O atom of trans-(NO)2 structure that
is high nucleophilicity can be easily attacked and formed the covalent bond with B2
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position into five-membered ring structure. These results were uniquely found only in
the CNBNs system.

Figure 4.5 The optimized structure of NO dimer adsorption on CBNs: (a) D1,
(b) D2, (c) D3, (d) D4 and (e) D5

For the calculation of charge analysis, the population Mulliken charges
were studied. The population Mulliken charges [149] were the calculated atomic
charge of various atoms in the system. The negative charge values indicated an
efficient electron accepting ability. In contrast, a positive charge value indicated an
efficient electron donating ability. Our calculation showed that the NO dimer binding
was stronger as the molecular charge of the NO dimer molecule became increasingly
negative. Figure 4.6 showed the strong relationship between adsorption strength and
the amount of charges received with an R2 parameter of 0.9483. To gain more
understanding into the electronic properties of CBNs while it adsorbed the NO
molecule, the partial density of states (PDOS) for the (NO)2 adsorbed on the CBNs
were calculated. Figure 4.7(b)–(f) clearly shows the bonding of NO dimer to a CBNs
sheet and the strong interaction between 2π*-orbitals of NO dimer and sp-orbitals of
the CBNs substrate. For D1 and D4 systems, which NO dimer adsorbed on atop C1
atom, the strong interaction between p-orbitals of C and 2π*-orbitals of NO dimer was
found at Fermi level and around -1.5 eV, which is no sp-orbitals of BNs occurred
around these interaction. In contrast on D2 and D3 systems, we have found the only
one strong interaction between the sp-orbitals of BNs and 2π*-orbitals of NO dimer
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around -0.2 eV, which is no p-orbitals of C observed around this area. The result
confirms that B3 atom of CBBNs was an active position to adsorb the NO monomer
and dimer molecule. For the D5 system, the interaction between three types of orbitals
were observed at Fermi level including sp-orbitals of BNs, p-orbitals of C, and
2π*-orbitals of NO dimer. These PDOS results are excellently correlated with the NO
dimer adsorption results.

Figure 4.6 The diagram shows adsorption energy of the NO dimer molecule on
CBNs substrate versus amount of charges received from NO dimer
after adsorption, Δq(NO)2
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Figure 4.7 The partial density of states (PDOS) of (a) NO dimer molecule, (b) D1,
(c) D2, (d) D3, (e) D4, and (f) D5 systems. The black, red, and blue
lines illustrate sp-orbitals of BNs, sp-orbitals of substituted C atom,
and the σ-, π-orbitals of adsorbed NO dimer, respectively. Dashed line
illustrates Fermi level that is set at 0.00 eV.
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4.1.5 The direct NO dissociation mechanism
The direct NO dissociation was investigated as shown in Figure 4.8
following equation: NadO → Nad + Oad. Figure 4.8(a)–(c) shows the calculated
potential energy profile of the direct NO dissociation mechanism on CBNs of M1, M2
and M3 structure, respectively, where the initial state (IS) in each system was set as
the reference energy. The most stable adsorption configuration of the NO monomer on
CBNs was adopted as the initial state (IS), while the final state (FS) was the
coadsorption of the Nad and Oad atoms on the CBNs and the transition state (TS)
showed the elongation of the NO molecule into coadsorbed atoms. The results showed
that this direct dissociation was unfavorable in kinetic and thermodynamic processes
because of a high Ea (+5.38, +4.40 and +4.03 eV) and high endothermic reaction,
findings that are similar to results from in previous studies. [44, 49-51] Thus, this
pathway was very unlikely to occur, and we expected that the CBNs catalyst would
succeed in converting a NO into a N2O via dimer mechanism.

Figure 4.8 The potential energy profiles of direct NO dissociation mechanism on
CBNs: (a) M1, (b) M2 and (c) M3.
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4.1.6 The NO dimer reduction mechanism
In this section, we studied the reduction mechanism of NO on CBNs using
the following equation: 2NO → N2O + Oad. This reaction included 4 processes as
shown in Figure 4.9. The first process was the NO dimer formation following
equation: NadO + NO (g) → ONadNO. Generally, NO reduction can commonly occur
through 2 mechanisms, namely the Langmuir–Hinshelwood (LH) mechanism and the
Eley–Rideal (ER) mechanism, depending on the catalysts involved. [149] For the LH
mechanism, two NO molecules have to firstly adsorb on the substrate to form the
coadsorption structure like NOad + NOad structure. These means two NO molecules
that coadsorb on the surface have no some chemical interaction until the next reaction
step. In general, this is very hard to happen because two NO molecules are really
favorite to form the NO dimer molecule. Moreover, LH mechanism is favorable for
large active area catalyst species like metal, metal-oxide and bulky metal surface. In
contrast to the ER mechanism, the NO dimer is formed from two NO molecules. The
first NO molecule pre-adsorbs on the substrate, after which another NO molecule
interacts with the first to generate the NO dimer. This mechanism is favorable and
commonly proposed for many catalysts, especially the small active site catalyst
species like metal-doped or metal-free materials, such as the CBNs used in this work
that is well-known as a small active site catalyst species. From these reasons, the
authors focused on the NO dimer formation via ER mechanism as the first step
process. The second process was the NO dimer rotation following equation:
ONadNO → OadNNO. In this process, the N atom of dimer molecule that bonded with
the surface was rotated via the transition state (TS) of the three-membered ring
structure, after which the O atom of dimer molecule bonded with the surface. The third
process was N2O formation following equation: OadNNO → Oad + N2O. In this
process, the intermediate state (IM) changed to the final state (FS) via the transition
state (TS) of elongation of N and Oad atoms at the NO dimer molecule. The last
process was N2O desorption following equation: N2O → N2O (g). In this process, N2O
gas was released from the system and generated the product (P) of Oad-CBNs. This
product was then oxidized by the CO molecule and regenerated the CBNs catalyst
following the equation: CO + Oad → CO2. This process was successfully studied with
no activation energy in a previous work by S. Sinthika et al. [137]
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Figure 4.9 Purpose mechanisms for NO dimer reduction reaction

Figure 4.10 The potential energy profile of NO dimer reduction mechanism on
CBNs: (a) D1, (b) D2, (c) D3, (d) D4 and (e) D5 systems
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4.1.7 The NO dimer reduction on CBBNs surface
The NO reduction mechanism on CBBNs of cis-(NO)2 isomer including the
D1 and D2 structures are shown in Figure 4.10(a)–(b), respectively. The NO dimer
formation process started from structure M1 + NO to D1 and M2 + NO to D2. Our
study showed that the NO dimer formation process did not require activation energy,
which is in agreement with previous works. [50-52] The rotation process of cis-(NO)2
structure started from structure D1 to IM1 and D2 to IM2 via TS1 and TS3,
respectively. At the TS1 and TS3, the distance between Nad–C1 and Nad–B3 increased
from 1.65 to 2.23 Å and 1.63 to 2.26 Å, respectively, while the distance between
O–C1 and O–B3 decreased to 1.75 and 1.74 Å, respectively. After rotating cis-(NO)2
at TS1 and TS3, the O atom bonded to the surface with a bond length of 1.48 and
1.53 Å, respectively. This process revealed a high Ea of +1.42 eV for D1 system and
+0.87 eV for D2 system, with a minimal amount of endothermic reaction. These
intermediates were formed into an N2O molecule, starting from structure IM1 to FS1
and IM2 to FS2 via TS2 and TS4, respectively. At the TS2 and TS4, the elongation
between Oad and N atoms occurred and the distance between Oad–N increased from
1.50 to 1.61 Å and 1.42 to 1.76 Å, respectively. After N2O formation, the Oad atom
bonded to the surface with a bond length of 1.34 and 1.43 Å, respectively. This
process displayed a low Ea of +0.05 eV for D1 system and +0.38 eV for D2 system,
with a highly exothermic reaction. As a result, N2O gas was released from this CBBNs
surface (FS1 to P1 and FS2 to P2) and a catalyst was regenerated by CO oxidation
with no activation energy.
The NO reduction mechanism of trans-(NO)2 isomer (D3) on CBBNs is
shown in Figure 4.10(c). The NO dimer formation process started from structure
M2 + NO to D3. The result showed that the NO dimer formation process did not
require activation energy, which was similar to the cis-(NO)2 isomer. The rotation
process of trans-(NO)2 structure, started from structure M3 to IM3 via TS5. At the
TS5, the distance between Nad–B3 increased from 1.72 to 2.17 Å, while the distance
between O–B3 decreased to 1.87 Å. After rotating trans-(NO)2, the O atom bonded to
the surface with a bond length of 1.54 Å. This process displayed a high Ea of +1.10 eV
and a minimal amount of endothermic reaction. This intermediate was formed into an
N2O molecule, starting from structure IM3 to FS3 via TS6. At the TS6, the elongation
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between Oad and N atoms occurred and the distance between Oad–N increased from
1.38 to 1.67 Å. After N2O formation, the Oad atom bonded to the surface with a bond
length of 1.43 Å. This process showed a high Ea of +0.72 eV for cis-(NO)2 isomer.
Then N2O gas was released (FS3 to P3) and regenerated by CO oxidation.
4.1.8 The NO dimer reduction on CNBNs surface
The NO reduction mechanism of cis-(NO)2 isomer (D4) on CNBNs is
shown in Figure 4.10(d). Starting from structure M3 + NO to D4, the result showed
that the cis-(NO)2 structure formation process did not require activation energy, which
was similar to the CBBNs system. The rotation process of cis-(NO)2 structure started
from structure D4 to IM4 via TS7. At the TS7, the distance between Nad–C1 increased
from 1.68 to 2.24 Å, while the distance between O–C1 decreased to 1.73 Å. After
rotating cis-(NO)2, the O atom bonded to the surface with a bond length of 1.50 Å.
This process revealed a high Ea of +1.12 eV, and slightly endothermic reaction. This
intermediate was formed into an N2O molecule, starting from structure IM4 to FS4 via
TS8. At the TS8, the elongation between Oad and N atoms increased from 1.52 to
1.76 Å. After N2O formation, the Oad atom bonded to the surface with a bond length of
1.39 Å. This process displayed a small Ea of +0.22 eV, with a highly exothermic
reaction. Then N2O gas was released (FS4 to P4) and catalyst was regenerated by CO
oxidation.
The NO reduction mechanism of trans-(NO)2 isomer (D5) on CNBNs is
shown in Figure 4.10(e). In this system, the reaction pathway included only 2
processes. The first process was NO dimer formation following the equation:
NadO + NO → ONadNOad. In this process, NO dimer was formed from two NO
molecules. The first NO molecule was pre-adsorbed on atop C1 atom of the CNBNs
substrate (M3 + NO structure) and subsequently, another NO molecule interacted with
the first to form a five-membered ring of the D5 structure via TS9 state. The result
showed that there was a slight Ea of +0.04 eV for D5 formation. The final process of
this system was the N2O formation following the equation: ONadNOad → Oad + N2O.
This was an important step when compared with the other systems because this system
there is no NO dimer rotation step. In this process, D5 structure as an intermediate
changed to FS5 via TS10. At the elongation of N and Oad atoms, the distance between
N–Oad increased from 1.28 to 1.59 Å. After this process, the Oad atom adsorbed to the

65
substrate similar to the epoxide group with a distance at Oad–C1 and Oad–B2 of 1.40 to
1.44 Å, respectively. This process displayed a moderate Ea of +0.62 eV, with a highly
exothermic reaction. At the end of the process, N2O gas was released from the system
(FS5 to P5) and a CNBNs catalyst was regenerated by the oxidation of CO molecule
with no activation energy.
Table 4.2 The highest activation energy (Ea) and total reaction energies (ΔEr) of
NO dimer reduction on CBNs by various pathways
Structure

Ea (eV)

ΔEr (eV)

D1

+1.42

-0.91

D2

+0.87

-1.47

D3

+1.10

-1.47

D4

+1.12

-0.68

D5

+0.62

-1.16

4.1.9 Calculated reaction rate constants comparison by various pathways
In the catalytic processes, a comparison of the overall activation was
generally more important than the single-step activation in each pathway. Our results
showed that all five pathways were exothermic and that it was possible to convert NO
into N2O gas via dimer mechanism by using CBNs as a metal-free catalyst (see
Table 4.2). Based on the comparisons of the five pathways on the rate-determining
step, we predicted that the mechanism of NO reduction on CBNs would occur via D5
pathway with a minimal rate-determining step value of +0.62 eV and high
exothermicity with the total reaction energies (ΔEr) of -1.16 eV. This result showed
that D5 intermediate was the high thermodynamically favorable for NO reduction on
CBNs catalyst.
For the kinetic section, the calculated rate constants of all reaction process
were calculated by the equation 4.2 and equation 4.3 as presented in Figure 4.11.
Figure 4.11(a)–(d) shows the rate constant for each elementary step at various
temperatures. K1, K2, K3, and K4 indicated the reaction rate constant for NO dimer
formation, NO dimer rotation, N2O formation, and N2O desorption, respectively. For
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the NO dimer formation step (K1) and N2O formation step (K3), the forward reactions
were faster than the reverse reaction at all temperatures, indicating that all of
intermediates were favorable and easily to occur in forward direction. In contrast, the
NO dimer rotation step (K2) and N2O desorption step (K4), the reverse reaction were
faster than the forward reaction at all temperatures, indicating that these forward
reaction steps were slowly and not favorable. Moreover, we found that these forward
reactions will favorable when increasing temperature.
In the summary of calculated activation energy and reaction rate constants,
we predicted that D5 intermediate was the most thermodynamically and kinetically
favorable for the NO reduction on CBNs catalyst. Moreover, our results showed that
using the p-type semiconductor material as CNBNs displayed a higher efficiency in
regards to catalytic behavior for NO reduction than n-type semiconductor material.
The comparison of calculated activation energy at rate-limiting step for the NO
reduction reactions on various proposed catalysts is shown in Table 4.3. We found that
the CNBNs catalyst showed slightly higher activation energy than the other metal-free
catalysts, such as carbon-based and silicon-based catalysts around +0.10 to +0.17 eV.
Hence, we suggest that CNBNs can be used as a metal-free material in NO removal,
which will reduce NO into green products with kinetically, and thermodynamically
favorable at low temperature.

Table 4.3 The calculated activation energy (Ea) at rate-limiting step for the NO
dimer reduction reactions on various proposed catalysts
Catalyst

Ea (eV)

CNBNs (This work)

+0.62

SiC [51]

+0.72

Si-Graphene [52]

+0.46

Silicene [53]

+0.45

CrPc [45]

+0.35

Au(111) [44]

+0.35

Bulk Ag [43]

+0.27
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Figure 4.11 Reaction rate constants at 300–600 K for (a) NO dimer formation,
(b) NO dimer rotation, (c) N2O formation, and (d) N2O desorption
steps

4.2 CO oxidation reaction
4.2.1 Related introduction
In recent years, there has been rapid progress in the design and
development of novel metal-free catalysts, with increasing concerns over the limited
abundance and high cost of conventional precious-metal based catalysts. For instance,
platinum (Pt) is widely used in the design of catalytic converters in automobiles for the
oxidation of incomplete combustion products such as CO, hydrocarbons, and NOx and
is highly expensive. Pt-based materials, when used as fuel-cell electrocatalysts, are
also susceptible to time-dependent drift and are highly sensitive to CO impurities,
thereby hindering the lifetime and efficiency of such catalysts. On the contrary,
catalysts based on nanoparticles, especially unsupported nanoporous gold, are more
tolerant to CO poisoning and have proven to be efficient electrocatalysts even at low
temperatures. Moreover, the presence of water molecules also aids in enhancing the
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catalytic activity of Au nanoparticles. But catalysts that are entirely noble metal-free
are in great demand because they are inexpensive and environmentally friendly,
making them suitable candidates for green chemistry.
Theoretical studies on noble metal-free catalysts such as nitrogen doped
carbon nanotubes doped graphene and metal-doped boron nitride have inferred that
heteroatom doping modifies the electronic properties (by introducing defect states near
the Fermi level), enhances charge transfer from the surface to the reactant, and/or
induces bond polarization due to electronegativity difference between the dopant and a
neighboring site, making the host materials highly active for the catalytic conversion
of CO to CO2. To design a good catalyst for CO oxidation, an atomic-level
understanding of the adsorption energies, reaction intermediates, barrier energies, and
reaction energies is essential. Generally, CO oxidation is known to proceed according
to the Langmuir–Hinshelwood (LH) mechanism and the Eley–Rideal (ER)
mechanism. The LH mechanism involves the adsorption of both CO and O2 on the
available active sites followed by a surface reaction, while the ER mechanism entails
the direct reaction of an approaching CO molecule with an adsorbed O2 molecule.
Among the metal-free catalysts, hexagonal boron nitride nanosheets
(h-BNs) are one of the most commonly used for CO oxidation. h-BNs are similar to
graphene in that both exhibit excellent mechanical properties and a high thermal
conductivity, but vary in their chemical and physical properties due to the different
electronegativity charges of their B and N atoms. For these reasons, the h-BNs
structure has more ionic properties and a stronger interaction and charge transfer with
deposited atoms than graphene. There are many applications for h-BNs usage in
experiments, such as an electrode modified for electrocatalytic analysis and as a
catalyst for selective oxidative reaction. h-BN nanosheets have stronger resistance to
oxidation than graphene, and hence are more suitable for applications at high
temperatures and the manufacturing processes requiring heating treatments. The
higher thermal stability, intrinsically insulators and excellent impermeability of BN
nanosheets make them superior to graphene in protecting metals from oxidation and
corrosion. Recently, theoretical calculations have shown that B and N atoms in BN
lattice are preferably substituted by C atoms. The results showed that the substitution
of C atoms can enhance reactivity and charge transfer properties. Moreover, the
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carbon-doped boron nitride nanosheets (CBNs) display high catalytic efficiency for
oxygen reduction reaction (ORR) and CO oxidation reaction with have high
selectivity, kinetically, and thermodynamically favorable properties. Although, one
carbon atom doped BNs is already used as a metal-free catalyst for CO oxidation, yet
there are currently no existing reports for two or three carbon atoms doped BNs were
used in CO oxidation reaction mechanisms.
In this work, the authors applied dispersion-corrected density functional
theory (DFT-D) calculations to investigate the possible mechanisms of CO oxidation
reaction on CxBNs (x = 1-3) in terms of kinetically and thermodynamically favorable
properties via LH and ER pathways as following the equation of 2CO +O2→ 2CO2.
To the best of our knowledge, all of these possible mechanisms were studied and
could be helpful in fabricating future novel and metal-free CO oxidation catalysts.
4.2.2 Theoretical methods
In this study, the dispersion-corrected density functional theory (DFT-D)
calculations were performed using generalized-gradient approximation (GGA)
implemented in DMol3 code of Material Studios, where Perdew-Burke-Ernzerhof
(PBE) functional with long-range dispersion correction via Grimme scheme was
adopted to treat the electronic exchange and correlation interaction. A double
numerical including polarization function (DNP) basis set was employed for allelectron calculation with the highest quality for real-space cutoff radius of 4.1 Å. The
spin polarization calculation and the smearing of electronic occupations of
5.0 × 10-3 Ha were allowed for all system calculations to ensure the quality results as
high as possible. During the geometry relaxation, the threshold or convergence is set
to be 1.0 × 10-5 Ha in energy, 4.0 × 10-3 Ha Å-1 in force, and 5.0 × 10-3 Å in
displacement, respectively. The Brillouin zone was sampled by 5 × 5 × 1 k-points grid
using the Monkhorst–Pack scheme during the structural relaxation, while the
15 × 15 × 1 grid was used to explore the electronic properties calculation. To find the
transition state (TS) geometry, the complete LST/QST (linear synchronous
transit/quadratic synchronous transit) method was used to locate all TS geometries,
and these were further confirmed by the vibrational frequency analysis to ensure that it
has only one imaginary frequency corresponding to the reaction coordinate.
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To obtain a corrected periodic system of 5 × 5 supercells of hexagonal
boron nitride nanosheet (h-BNs), we firstly optimize the bulk lattice parameter of BN
unit with above calculation condition. The corrected lattice parameter of BN unit was
found as a = b = 2.51 Å, and c = 6.63 Å (α = β = 90.00º, and γ = 120.00º), which is
close to many previous results. To construct the 5 × 5 supercells of h-BNs, the
optimized system of BN unit was mimic into the 5 multiple times on either x and y
directions, the current system now include 25 B atoms and 25 N atoms. The latest
lattice parameter of 5 × 5 supercells of h-BNs are a = b = 12.55 Å, while some amount
of c parameter was added in z direction to avoid the interaction between periodic
elements, then c parameter become 20.00 Å.
The formation energy (Ef) of various CxBNs substrates was estimated based
on the stoichiometry (nx) and the chemical potential (μx) as following;

Ef  Etotal   nx  x
x

(4.4)

Where, Etotal represents the total energy of CxBNs system. nx and μx are the
number of x component in system, and chemical potential of x element (x = B, N, or
C), which were taken from metallic α-B, gaseous N2, and graphite systems,
respectively. As generally, more negative value of Ef indicates more stability of the
CxBNs substrates.
For the adsorption calculation between gaseous molecules (e.g., CO and
O2) and CxBNs substrates, the adsorption energy (Ead) was calculated based on the
difference between the total energy of complex system (Ecomplex) and the summation of
the total energy of substrate (Esubstrate) and the gaseous species (Egas) as following;

Ead  Ecomplex   Esubstrate  Egas 

(4.5)

Where, a negative value of Ead represents a strong adsorption interaction,
while a positive value represents a weak adsorption interaction, respectively.
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4.2.3 The geometric and electronic properties of CxBNs catalysts
In this section, we studied the geometry and electronic property of the
CxBNs catalyst. Figure 4.12(a)–(c) shows h-BNs with a substituted C atom at B
position; (a) C1BBNs, (b) C2BBNs, and (c) C3BBNs substrates, respectively. The results
showed that new C–N bonds were formed in BN sheets with a length of ~1.41 Å. In
addition, all structures doped with the C atom remained planar after structural
optimizations, without any protrusion of the C atom above the surface, which is
similar to results found in previous research. Figure 4.13(a)–(c) shows h-BNs with a
substituted C atom at N position; (a) C1NBNs, (b) C2NBNs, and (c) C3NBNs substrates,
respectively. The results showed that new C–B bonds were formed in BN sheets with
a length of ~1.51 Å. The calculated formation energy (Ef) shows that the Ef of
C1BBNs, C2BBNs, and C3BBNs substrates are -92.53 eV, -86.97, and -81.32 eV,
respectively. For the CNBNs series, the Ef of C1NBNs, C2NBNs, and C3NBNs substrates
are -93.89 eV, -89.66, and -85.33 eV, respectively. These mean the stability of CxBNs
substrate is decrease as increasing the number of carbon substitution, which C NBNs
substrates are more stable than CBBNs substrates. Interestingly, this distinguished
observation between the substrate stability might cause the difference in the CO
oxidation process.
Figure 4.14(a)–(b) illustrates the partial density of electronic states (PDOS)
calculated for the CBBNs and CNBNs substrates, respectively. The black line and red
line show sp-orbitals of BNs and the sp-orbitals of substituted C atom, respectively.
The dashed line illustrates the Fermi level that was set at 0.00 eV. Our calculations
revealed that the defect-free monolayer h-BNs had a wide band gap of 4.7 eV, which
is in agreement with the available experimental values that are widely dispersed in the
range between 3.6 and 7.1 eV, and theoretical values in the range from 4.6 to 8.4 eV.
For CBBNs results, substitution of the B atom with the C atom was equivalent to the
electron doping of monolayer h-BNs. Figure 4.14(a) demonstrates that CBBNs
substrates correspond to a typical electronic structure of an n-type semiconductor. In
addition, we found that the band gap in the CBBNs system shifted away from fermi
level when compared to the bare h-BNs system. Substitution of the N atom in
monolayer h-BNs with C (CNBNs) was equivalent to an electron vacancy doping as
shown in Figure 4.14(b). In this case, the electronic structure was a p-type
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semiconductor material. We did not observe a shift in PDOS in the CNBNs system,
which corresponds to Gao et. al.’s results. Figure 4.14 clearly shows the strong
interaction between p-orbitals of substituted C and sp-orbitals of BNs sheet at Fermi
level. Moreover, we found the strong interaction around -2.0 eV in the CNBNs system
which can be found only in the CNBNs system.

Figure 4.12 The optimized structure of C1BBNs, C2BBNs, C3BBNs substrates and
its possible sites for O2 adsorption

Figure 4.13 The optimized structure of C1NBNs, C2NBNs, C3NBNs substrates and
its possible sites for O2 adsorption
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Figure 4.14 The partial density of states (PDOS) of (a) CBBNs, and (b) CNBNs
systems. The black and red lines illustrate the sp-orbitals of BNs and
the sp-orbitals of substituted C atom, respectively.

4.2.4 The adsorption of O2 molecule on CxBNs substrates
In this section, we study on all possible available sites for O2 adsorption on
CxBNs substrates as shown in the Figure 4.12(d)–(f) for CBBNs substrates and
Figure 4.13(d)–(f) for CNBNs substrates. Table 4.4 presents all possible of O2
adsorption on various CxBNs surfaces, while Figure 4.15 presents the most stable
structure of O2 adsorption on various adsorption mode at various CxBNs surfaces. The
adsorption results of O2 over the C1BBNs, C2BBNs, and C3BBNs substrates show that
there are two possible adsorptions for O2 adsorbed on CBBNs surfaces, which are top
mode (T) and bridge mode (B). B11, B22, and B31 are the most stable B mode on
C1BBNs, C2BBNs, and C3BBNs substrates with Ead of -1.38, -3.19, and -3.78 eV,
respectively. For T mode adsorption, we found that T12, T21, and T31 are the most
stable T mode on C1BBNs, C2BBNs, and C3BBNs substrates with Ead of -1.46, -2.60,
and -1.51 eV, respectively. In contrast, for the O2 adsorption on CNBNs substrates,
there is only one possible on CNBNs surfaces, T41, T51, and T61 are the most stable
T mode on C1NBNs, C2NBNs, and C3NBNs substrates with Ead of -0.51, -0.49, and
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-0.79 eV, respectively. These observations suggest that CBBNs substrates are more
effective for adsorbed O2 molecule than CNBNs substrates with the stronger adsorption
strength and possible adsorption modes. Moreover, we found that there are charge
transfer between the adsorbent (CxBNs surface) and adsorbed molecule (O2) around
-0.270 to -0.761 e during the adsorption process, which O2 molecule is a receiving
agent while CxBNs surfaces are the donating source.
Table 4.4 The calculated results of O2 adsorption on CxBNs
CxBNs

Name

Ead (eV) dO–O (Å) dO1–X (Å) dO2–X (Å) Δq(O2) (e) Position

B11

-1.38

1.37

1.67

1.67

-0.422

B2, B2'

T11

-1.16

1.31

1.75

2.54

-0.355

Top C1

T12

-1.46

1.35

1.57

2.42

-0.456

Top B2

B21

-2.86

1.52

1.49

1.49

-0.528

C1, C2

B22

-3.19

1.52

1.44

1.51

-0.612

C1, B3

B23

-2.64

1.51

1.53

1.46

-0.634

C1, B4

B24

-2.58

1.51

1.54

1.46

-0.625

C1, B5

B25

-2.81

1.51

1.44

1.53

-0.609

C1, B6

B26

-3.12

1.52

1.52

1.45

-0.616

C1, B7

B27

-3.00

1.52

1.48

1.50

-0.707

B3, B4

B28

-2.45

1.51

1.49

1.49

-0.699

B4, B5

B29

-2.66

1.51

1.49

1.49

-0.696

B5, B6

B20

-2.87

1.50

1.49

1.49

-0.685

B6, B7

T21

-2.60

1.35

1.47

2.30

-0.613

Top B3

B31

-3.78

1.81

1.32

1.32

-0.719

C1, C2

B32

-3.07

1.52

1.52

1.43

-0.614

C1, B4

B33

-2.71

1.51

1.54

1.45

-0.613

C1, B5

B34

-2.63

1.52

1.49

1.49

-0.699

B4, B5

C1NBNs

T31

-1.51

1.35

1.51

2.42

-0.615

Top B4

C2NBNs

T41

-0.51

1.33

1.55

2.43

-0.336

Top C1

C3NBNs

T51

-0.49

1.33

1.46

2.33

-0.283

Top C1

C1BBNs

C2BBNs

C3BBNs
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Figure 4.15 The optimized structure for O2 adsorption on various CxBNs
substrates; (a)–(d) C1BBNs, (b)–(e) C2BBNs, (c)–(f) C3BBNs,
(g) C1NBNs, (h) C2NBNs, (i) C3NBNs substrates
4.2.5 The CO oxidation on CxBNs substrates
The calculated potential energy profile of CO oxidation mechanism on
C1BBNs substrate is showed in Figure 4.16. The black line indicates the CO oxidation
reaction via T mode mechanism, which is also known as the ER mechanism.
Contrastingly, the red line indicates the CO oxidation reaction via B mode mechanism,
which is also known as the LH mechanism. The results show that the CO oxidation via
T mode adsorption is more favorable than B mode adsorption with energy barrier at
the rate-determining step of +0.44 and +2.03 eV, respectively. This observation result
also found in either of C2BBNs and C3BBNs surfaces as present in Figure 4.17 and
Figure 4.18, which the CO oxidation that occur in T mode adsorption is the most
favorable with the lowest energy barrier at the rate-determining step comparing to B
mode adsorption (+0.58 vs. +1.52 eV for C2BBNs and +0.32 vs. +0.51 eV for
C3BBNs). Figure 4.19, Figure 4.20 and Figure 4.21 show the reaction of CO oxidation
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mechanisms that occur on C1NBNs, C2NBNs and C3NBNs, respectively. These three
pathways show that there is only T mode mechanism on CXNBNs series with very high
desorption energy of CO2. Therefore, we can summarize that the CO oxidation on
CXBBNs series is more favorable than CXNBNs series, because CO2 product can easily
desorb and regenerate the catalyst for the next reaction. Moreover, we found that the
CO oxidation reaction via D mode mechanism for C3BBNs, it has very small energy
barrier comparing to another pathways, which is uniquely occur only in C3BBNs
substrate as shown in Figure 4.22.

Table 4.5 The calculated activation energy (Ea) for CO oxidation reaction on
various CxBNs substrates
Substrates Mechanism

Activation energy, Ea (eV)

k (s-1)

Ea1

Ea2

Edes1

Ea3

Edes2

T mode

+0.44

+0.23

+0.19

+0.19

+0.19

2.47 × 105

B mode

+2.03

+1.23

+0.21

+0.19

+0.19

4.47 × 10-22

T mode

+0.58

+0.46

+0.40

+0.14

+0.20

1.09 × 103

B mode

+1.52

+0.69

+0.26

+0.33

+0.20

1.69 × 10-13

T mode

+0.32

+0.05

+0.23

+0.20

+0.19

2.58 × 107

B mode

+0.51

+0.09

+0.26

+0.28

+0.19

1.64 × 104

D mode

+0.20

+0.10

+0.26

+0.28

+0.19

1.21 × 108

C1NBNs

T mode

+0.26

+0.48

+0.22

+0.08

+0.19

5.25 × 104

C2NBNs

T mode

+0.23

+0.37

+0.15

+0.53

+1.06

9.22 × 10-6

C3NBNs

T mode

+0.28

+0.50

+0.14

+0.78

+0.89

6.67 × 10-3

C1BBNs
C2BBNs

C3BBNs

In the comparison by various CxBNs substrates, Table 4.5 shows the
calculated activation energy (Ea) for CO oxidation reaction on various CxBNs
substrates. Based on the comparisons of nine reaction pathways on various CxBNs
substrates at the rate-determining step, we predicted that the mechanism of CO
oxidation would the most favorable occur via D mode adsorption of C3BBNs substrate
with a lowest rate-determining step value of +0.28 eV. Moreover, we estimate the rate
constant at the rate-determining step that occur in all CxBNs surfaces. We found that
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the CO oxidation via T mode adsorption of C3BBNs substrate is the fastest reaction
when comparing to other surfaces. These calculated result suggests that C3BBNs is the
most kinetically favorable for the CO oxidation on the CxBNs catalyst.

Figure 4.16 The potential energy profile of CO oxidation reaction mechanism on
C1BBNs substrate. The black and red line indicate the CO oxidation
reaction mechanism via T mode and B mode, respectively.
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Figure 4.17 The potential energy profile of CO oxidation reaction mechanism on
C2BBNs substrate. The black and red line indicate the CO oxidation
reaction mechanism via T mode and B mode, respectively.

79

Figure 4.18 The potential energy profile of CO oxidation reaction mechanism on
C3BBNs substrate. The black and red line indicate the CO oxidation
reaction mechanism via T mode and B mode, respectively.
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Figure 4.19 The potential energy profile of CO oxidation reaction mechanism on
C1NBNs substrate. The black line indicate the CO oxidation reaction
mechanism via T mode.
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Figure 4.20 The potential energy profile of CO oxidation reaction mechanism on
C2NBNs substrate. The black line indicate the CO oxidation reaction
mechanism via T mode.
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Figure 4.21 The potential energy profile of CO oxidation reaction mechanism on
C3NBNs substrate. The black line indicate the CO oxidation reaction
mechanism via T mode.
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Figure 4.22 The potential energy profile of CO oxidation reaction mechanism on
C3BBNs substrate. The black indicate the CO oxidation reaction
mechanism via dissociation mode (D mode).

CHAPTER 5
CONCLUSION
For the investigation on the reaction mechanism of H2S removal by CO over
TM-ZSM-12 cluster as following the equation: H2S (g) + CO (g) → COS (g) + H2 (g).
The results reveal that the proposed reaction mechanism involved with four processes;
i) the first and second hydrogen dissociation with significantly low barrier of
Ea1 = +0.04 eV and Ea2 = +0.22 eV, respectively, ii) COS desorption which is our rate
determining step (Edes = +1.18 eV) of our H2S removal process, iii) hydrogen diffusion
to transition metal with energy barrier (Ea3) of +0.62 eV, and iv) H2 formation step
(Ea4 = +0.94 eV). With respect to six structures of TM-ZSM-12 cluster based on
adsorption and potential energy profiles calculations, we found that compared to other
transition metals, Cu-ZSM-12 cluster is the most effective catalyst for H2S removal by
CO with rate-determining step along the reaction pathway of +1.18 eV at the COS
desorption step. This is an important key intermediate for H2S removal and H2 gas
production in this study. Additionally, we found that two hydrogen atoms on alphaoxygen position migrate and react with each other to form H2 molecule via the
activation barrier of +0.94 eV under ambient condition. Our calculated results provide
a basis for exploring the intrinsic nature of transition metal-doped zeolites as catalyst
for H2S removal in the presence of CO to produce hydrogens.
For the investigation on the reaction mechanisms of NO reduction catalyzed by
carbon-doped boron nitride nanosheet through the direct dissociation and dimer
mechanisms using the density functional theory calculations. We found that the direct
NO dissociation mechanism is unfavorable because of the extremely high Ea and high
endothermicity. In contrast, the catalytic process of NO reduction to N2O via dimer
mechanism is significantly more favorable. On the energetically most favorable
pathway, a trans-(NO)2 isomer over CNBNs is shown to be a key intermediate for the
formation of N2O with thermodynamically and kinetically favorable. The calculated Ea
for the rate-determining step along this pathway is +0.62 eV. Furthermore, we found
that the p-type semiconductor material shows a higher efficiency toward catalytic
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behavior for NO reduction than n-type semiconductor material. The present results
suggest that the CNBNs might be a promising metal-free candidate for practical
applications in NO removal, which will reduce NO into environmentally friendly
gases.
For the investigation on the reaction mechanisms of CO oxidation on the carbondoped boron nitride nanosheet (CxBNs where x = 1-3) through the T mode adsorption
and B mode adsorption mechanisms using the density functional theory calculations.
The calculated results reveal that T mode adsorption is the most energetically pathway
comparing to B mode adsorption pathway. Among six CxBNs substrates, the CO
oxidation via D mode of C3BBNs shows the highest efficiency for CO oxidation
reaction with lowest energy barrier at the rate-determining step of +0.28 eV.
Moreover, the kinetically prediction on the reaction rate constant suggests that C3BBNs
is the most effective catalyst for catalyzed CO into CO2 molecule with the fastest rate
comparing to other CxBNs surfaces. Our calculated result provides that C3BBNs is the
most thermodynamically and kinetically favorable for the CO oxidation with lowest
activation energy and highest efficiency.
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